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The  International  Library  of  Technology  is  the  outgrowth 
of  a  large  and  increasing  demand  that  has  arisen  for  the 
Reference  Libraries  of  the  International  Correspondence 
Schools  on  the  part  of  those  who  are  not  students  of  the 
Schools.  As  the  volumes  composing  this  J^ibrary.are.an 
printed  frf)ni  the  same  plates  used  j&rprinttttg  the  Reference 
Libraries  above  mentioned,  a  few  wurdf  arc.  necessary 
regarding  the  scope  and  purpose  of  thcHtislrUciioQJmparted 
to  the  students  of — and  the  class  of  students  -taugbt  by — 
these  Schools,  in  order  to  afford  a  eletty.Al«di;r^t:y^uding  of 
their  salient  and  unique  features. 

The  only  requirement  for  admission  to  any  of  the  courses 
offered  by  the  International  Corrcsp<mdence  Schools,  is  that 
the  applicant  shall  l>e  able  to  read  the  English  language  and 
to  write  it  suftiL-iently  well  to  make  his  written  answers  to. 
the  questions  asked  him  inlelligible.  Each  course  is  com- 
plete in  itself,  and  no  textbooks  are  required  other  than 
those  prepared  by  the  Schools  for  the  particular  course 
selected-  The  students  themselves  are  from  every  class, 
trade,  and  profession  and  from  every  country;  they  are, 
almost  without  exception,  l>usily  engaged  in  some  vocation, 
and  can  spare  but  little  time  for  study,  and  that  usually 
outside  of  their  regular  working  hours.  The  information 
desired  is  such  as  can  be  immediately  applied  in  practice,  so 
that  the  student  may  be  enabled  to  exchange  his  present 
vocation  for  a  more  congenial  one,  or  to  rise  to  a  higher  level 
in  the  one  he  m>w  ])ursues.  Furthermore,  he  wishes  to 
obtain  a  good  working  knowledge  of  the  subjects  treated  in 
ihe  shortest  time  and  in  the  most  direct  maimer  possible. 
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In  meeting  these  requirements,  we  liave  produced  a  set  of 
LKioks  that  in  many  respects,  and  particularly  in  the  general 
plan  followed,  are  absolutely  unique.  In  the  majority  of 
subjects  treated  the  knowledge  of  mat  hematics  required  is 
limited  to  the  simplest  principles  of  arithmetic  and  mensu* 
ration,  and  in  no  rase  is  any  greater  knowledge  tyf  mathe- 
matics needed  than  the  simplest  elementary  principles  of 
algebra,  geometry,  and  trigonometry,  with  a  thorough, 
practical  actjuaintance  with  the  use  of  the  logarithmic  table. 
To  effect  this  result,  derivations  of  rules  and  formulas  are 
omitted,  but  thorough  and  complete  instructions  arc  given 
regarding  how,  when,  and  under  what  circumstances  any 
particular  rule,  formula,  or  process  should  be  applied;  and 
wbeneyer  Qo^s^ble  one  or  more  examples,  such  as  would  be 
]ikI'!^*t(J:ft'W  ii3/^\ctujij." practice — together  with  their  solu- 
tions— ,^V'^s''^';VJ*'V  (Qusirate  and  explain  its  application. 

lu  fVVpartirgC'llj?-^  textbooks,  it  has  been  our  constant 
ende^v/y;J.<H  vicJiv..l.ije  jnatler  from  the  student's  standpoint, 
and  t*Vl/j,'rt'\'i''Hi!§'JJi*^'^^  everything  that  would  cause  him 
trouble.  The  utmost  pains  have  been  taken  to  avoid  and 
correct  any  and  ;dl  ambiguous  expressions — both  thnse  due 
to  faulty  rheturii:  and  tht>seduetn  insuflfictiency  of  statement 
or  explanation.  As  the  best  way  In  make  a  statement, 
explanation,  or  descri[>lion  ricar  is  to  give  a  picture  or  a 
diagram  in  connection  with  it,  illustrations  have  been  used 
almost  without  limit.  The  illustrations  have  in  all  cases 
been  adapted  to  the  requirements  of  the  text,  and  projec- 
tions and  sections  or  outline,  partially  shaded,  ">r  full-shaded 
perspectives  have  been  used,  according  to  which  will  best 
produce  the  desired  results.  Half-ttmcs  have  been  used 
rather  sparingly,  except  in  those  cases  where  the  general 
effect  is  desired  rather  than  the  actual  details. 

It  is  obvious  that  books  prepared  almg  the  lines  men- 
tioned must  not  only  be  clear  and  concise  Iieyond  anything 
heretofore  attempted,  but  they  must  als<j  pfwsess  unequaled 
value  for  reference  purposes.  They  nut  only  i;ive  the  maxi- 
miiin  ()f  information  in  a  minimum  space,  but  this  int'nr- 
mation  is  so  ingeniuu.sly  arrangetl  and  correlated,  and  the 
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indexes  are  so  full  and  complete,  that  it  can  at  once  be 
made  available  to  the  reader.  The  numerous  examples  and 
explanatory  remarks,  together  with  the  absence  of  long 
demonstrations  and  abstruse  mathematical  calculations,  are 
of  great  assistance  in  helping  one  select  the  proper  for- 
mula, method,  or  process  and  in  teaching  him  how  and 
when  it  should  be  xised. 

The  earlier  papers  contained  in  this  volume  are  elemen- 
tary in  character  and  deal  with  the  fundamental  principles 
relating  to  the  action  of  liquids  and  gases  under  pressure, 
and  the  flow  of  fluids  throU£h  pipes,  channels,  and  orifices. 
The  nature  of  heat,  its  production,  its  transformation  into 
work,  and  its  effects  on  solids,  liquids,  and  gases,  are  dis- 
cussed at  length,  and  this  is  followed  by  a  paper  on  the 
properties  of  steam.  The  latter  portion  of  the  volume  deals 
with  steam  engines  and  steam  turbines,  and  describes  and 
illustrates  the  types  now  in  general  use.  The  action  of 
steam  in  simple  and  compound  engines  is  clearly  discussed, 
and  the  section  dealing  with  the  indicator  and  indicator 
diagrams  gives,  in  simple  and  concise  form,  instruction  in  the 
methods  of  determining  the  horsepower,  steam  consumption, 
and  faults  in  valve  setting  from  indicator  diagrams.  The 
information  contained  in  this  volume  should  be  of  great 
value  to  all  persons  interested  in  the  construction,  manner 
of  working,  and  designing  of  steam  engines  and  steam 
turbines. 

The  method  of  numbering  the  pages,  cuts,  articles,  etc.  is 
such  that  each  subject  or  part,  when  the  subject  is  divided 
into  two  or  more  parts,  is  complete  in  itself;  hence,  in  order 
to  make  the  index  intelligible,  it  was  necessary  to  give  each 
subject  or  part  a  number.  This  number  is  placed,  at  the  tup 
of  each  page,  on  the  headline,  opposite  the  page  number; 
and  to  distinguish  it  from  the  page  number  it  is  preceded  by 
the  printer's  section  mark  (§),  Consequently,  a  reference 
such  as  **  16.  page  2R.  will  be  readily  found  by  looking  along 
the  inside  edges  of  the  headlines  until  §16  is  found,  and 
then  through  S  lEi  until  page  26  is  found. 
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PROPERTIES  OF  LIQUIDS 

1.  Perfect    and    Viscous    I^lqulds.  —  Hydrostatics 

treats  of  liqnids  at  rest  under  the  action  of  forces.  A 
liquid  hodj*  is  one  whose  molecules  change  their  relative 
positions  easily.  In  sume  liquids,  as  water,  alcohol,  ether, 
etc.,  a  change  of  form  takes  place  almost  instantly  when  the 
liquid  is  acted  on  by  a  force;  thus,  anyone  of  these  liquids 
will  almost  instantly  assume  a  level  surface  under  the  action 
of  gravity.  Other  liquids  change  form  gradually,  as,  for 
example,  tar,  pitch,  or  molasses. 

A  perfect  lltiitld  is  one  whose  particles  can  move  on  each 
other  with  the  greatest  freedom  and  without  friction;  that  is, 
a  liquid  that  instantly  changes  form  under  the  action  of  a  dis- 
turbing force.  There  is  no  such  thing  as  an  absolutely  per- 
fect liquid,  but  for  practical  purposes  water,  mercury,  alcohol, 
and  ether,  at  ordinary  temperatures,  may  be  treated  as  perfect 
liquids. 

Liquids  that  do  not  change  their  form  readily  are  pre- 
vented from  doing  so  by  the  property  called  viseosi'/y.  All 
liquids  are  more  or  less  viscous,  and  the  degree  of  viscosity 
varies  greatly.  The  liquids  with  great  viscosity,  as  tar  and 
pitch,  are  usually  called  vIscoiih  ll<iiiid». 

In  that  which  follows,  the  liquid  that  will  be  dealt  with 
chiefly  is  water.  The  principles  staled  will,  however,  apply 
toother  perfect  liquids,  and  approximately  to  viscous  liquids. 

2.  ComprosRibllltj-  of  I^IquldH. — Liquids  are  only 
slightly  compressible.  A  pressure  of  15  pounds  per  square 
inch  will  compress  water  only  about  ioUo  of  its  volume. 
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For  this  reason,  in  all  practical  problems,  water  is  generally 
regarded  as  incompressible. 

3.  lleaviiiut^  of  IjIquUls.~The  weight  of  a  cubic  unit 
of  a  liquid  is  called  its  JiuuvIuchs.  The  weight,  in  pounds 
per  cubic  fool,  of  a  substance  is  taken  as  the  standard  for 
heaviness  in  the  United  States  and  England.  For  example, 
the  heaviness  of  distilled  water  at  tlic  temperature  of  maxi- 
mum density,  39. l**  F.,  is  62.425  pounds,  and  of  ordinary 
seawaler,  64,05  pounds.  In  enjiineering  .calculations,  the 
heaviness  of  fresh  water  is  generally  taken  as  62.5  pounds. 
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TKAN8M18SU)N  OF  PRGSRUUR 

4.     PaeeaPs  Law, — Fig.  I  shows  two  cylindrical  vessels 

of  the  same  size.     Vessel  a  is  fitted  with  a  wooden  block  of 

the  same  size  as  the  cylinder;   the  vessel  A  is  filled   with 

^  ^  water,  whose  depth  is  the  same 

as  the  length  of  the  wooden 
block  in  a.  Both  vessels  are 
fitted  with  air-tight  pistons  fi, 
whose  areas  are  each  10  square 
inches. 

Suppose,  for  convenience, 
that  the  weights  of  the  cylinders, 
pistons,  block,  and  water  are 
neglected,  and  that  a  force  of 
100  pounds  is  applied  to  both 
l>istons.  The  pressure  per 
square  inch  Is  100  -i-  10 
=  10  pounds.  In  the  vessel  a, 
this  pressure  is  transmitted 
without  loss  to  the  bottom  of  the  ve.'Jsel,  and  it  is  easy  to 
see  that  there  will  be  no  pressure  on  the  sides.  In  the  ves- 
sel 6,  an  entirely  different  result  is  obtained.  The  pressure 
on  the  bottom  is  the  same  as  in  the  other  case — chat  is, 


Fig.  1 
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10  pounds  per  square  inch — but  owing  (o  the  fact  that  the 
molecules  of  the  water  are  perfectly  free  to  move,  this  pres- 
sure of  10  pounds  per  sqhare  inch  is  transmitted  in  every 
direction  with  the  same  intensity;  that  is  to  say,  the  pressure 
at  any  point,  c.rf,^,  Z,^,//,  etc.  due  to  the  force  of  100  pounds, 
is  exactly  the  same  and  is  10  pounds  per  square  inch. 

The  truth  of  this  statement  may  be  proved,  experimentally, 
by  means  of  the  apparatus  shown  in  Fig.  2.  Let  the  area  of 
the  piston  a  be  20  square  inches;  of  b,  7  square  inches;  of  r, 
1  square  inch;  of  li,  6  square  inches;  of  r,  8  square  inches; 
and  of  /,  4  square  inches. 

If  the  pressure  due  to 
the  weight  of  the  water  is 
neglected    and    a    force    nf 

5  pounds  is  applied  at  c, 
whose  area  is  1  square  inch, 
a  pressure  of  'i  pounds  per 
square  inch  will  be  trans- 
mitted in  all  directions,  and 
in  order  that  there  shall  be 
no    movement    a    force    of 

6  X  5  =  30  pounds  must  be 
applied  at  rf,  '10  pounds  at  e, 
20  pounds  at  f,  100  pounds 
at  a,  and  35  pounds  at  b. 

If  a  force  of  90  pounds  is  ^'^'  ' 

applied  at  a,  instead  of  100  pounds,  the  piston  a  will  rise, 
and  the  other  pistons'  b,c,d,e,  and  /  will  move  inwards;  but 
if  the  force  applied  at  a  is  100  pounds,  they  will  all  be  in 
equilibrium.  Should  101  pounds  be  applied  at  a,' the  pres- 
sure per  square  inch  will  be  lOi  -i-  20  =  G.D6  pounds,  which 
will  be  transmitted  in  all  directions;  and,  since  the  pressure 
due  to  f  is  only  5  pounds  per  square  inch,  it  is  evident  that 
the  piston  a  will  move  downwards,  and  the  pistons  b,c,d,e, 
and  /  will  be  forced  outwards. 

The  whole  may  be  summed  up  in  the  following  law: 
The  pres;iurf  p^r  unit  of  area  extrtai  anywhere  on  a  mass  of 
liqidd  is  transmitted  undiminisfied  in  all  directions,  and  actt 
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wiik  ihe  same  iniensily  on  all  stirlaces  in  a  direction  at  right 
angles  to  those  surfaces. 

This  law  was  first  discovered  hy  Pascal,  ami  is  the  most 
important  in  hydrostatics.  Its  meaning  should  be  thoroughly 
understood. 

Example. — It  the  area  of  the  piston  e  in  F\%.  2  is  8.25  square  iache.1, 
and  a  force  of  150  ]>oiinc)K  is  applied  ti>  it,  what  forces  must  be  applied 
to  the  ottier  pistons  to  keep  the  water  in  equilibrium,  assuming^  that 
their  areas  are  the  same  as  those  just  given? 

SoLtmoN.-The  intensity  of  pressure  is  160 -r  8.26  »  18.182  lb. 
per  sq.  in.,  nearly.     Then, 

20  X  1S.1H2  =  36S.&4    lb.  =  force  r«qutred  to  balance  a 

7  X  18.iH2  «  127.274  lb.  =  force  required  to  balance  * 

1  X  18.182  =     1H.182  lb.  =  force  required  to  balance  r    Ans. 

6  X  18.182  =  109.092  lb.  =  force  required  lo  balance  d 

4  X  18.182  =    72.728  lb.  =  force  required  to  balance  f 

5.  Appllcatlou  of  Pa8ea]*H  Law. — Let  the  area  of  the 
piston  a,  Fig.  3,  be  1  square  inch  and  that  of  &  40  square 
inches.     According   to   Pascal's  law,   1   pound  placed  on  a 

will  balance  40  pounds  placed  on  d. 

Suppose   that  a  moves   downwards 
10  inches;  10  cubic  inches  of  water  will 
then  be  forced  into  the  tube  6.    This  will 
be  distributed  over  the  entire  area  of  the 
tube  d  in  the  form  of  a  cylinder,  whose 
cubic  contents  must  be  10  cubic  inches, 
whose  base  has  an  area    of    40   square 
inches,  and  whose  height  must  therefore 
be  iji  =  4  inch;  that  i.s,  a  movement  of 
the  piston  a  of  10  inches  causes  a  move- 
ment of  Ihe  piston  A  of  i  inch. 
This  is  an  example  of  the  familiar  principle  of  work:   7%* 
app/ied  force  multiplied  by  the  distance  through  which  it  moves 
is  equal  to  the  resistance  multiplied  by  the  distance  through 
which  it  moves. 

6.  The  Hydraulic  Press. — The  foregoing  principle  is 
made  use  of  in  the  hydraulic  press  shown  in  Kig.  4.  As  the 
lever  a  is  depressed,  the  plunger  b  is  forced  down  on  the 
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water  in  the  cylinder  c.      The  water  is  forced  through  the^ 
bent  lube  d  into  the  cylinder  in  which  the  large  plunger  ei 
works,   and  causes   the   plunger  to   rise,    thus   lifting   the 
platform  /,  and  compressing  the  bales  that  lie  on  it. 

Let  the  area  of  the  plunger  ^  be  1  square  inch  and  that  oie 
100  square  inches.  Also,  assume  the  length  of  the  lever 
between  the  hand  and  fulcrum  to  be  10  times  the  length 
between  the  fulcrum  and  plunger  b.    IE  the  end  of  the  lever  is 


_.J' 


Pic,  i 

depressed  10  inches,  the  plunger  b  is  depressed  one-tenth  of 
10  inches  =  1  inch,  and  since  1  cubic  inch  of  water  is  dis- 
placed and  the  area  of  plunger  e  is  I(X)  square  inches,  it  is 
raised  to^  inch.  If  p  represents  the  force  applied  to  the. 
lever  a,  and  g  represents  the  pressure  on  the  platform  /, 
then^  X  10  inches  =  g  X  ih  inch.  From  this,  g  =  1.000/ 
or  p  =  T^oij  q.  A  force  of  40  pounds  applied  by  the  hand 
will  therefore  cause  a  pressure  of  40  X  1,000  =  40,000  pounds 
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to  be  exerted  by  the  piston  e.  But  if  the  average  movement 
of  the  hand  per  stroke  is  10  inches,  and  since  a  10-inch  move- 
ment of  the  hand  lever  moves  the  phmger  e,  tott  inch,  it  will 
require  1  -r-  rio  =  100  strokes  to  raise  the  platform  1  inch. 
It  is  here  seen  that  what  is  gained  in  pressure  is  lost  in  speed. 

Applications  of  Pascal's  law  are  seen  also  in  hydraulic 
machines  used  for  forcing  locomotive  drivers  on  their  axles,  in 
punching  plates,  in  bending  rails,  and  in  testing  the  strength 
of  boiler  shells. 

Example.— In  a  hydraulic  punch,  the  plunder  that  carries  the  punch 
is  \\  inches  in  ciinmeter  and  tho  forcing  ptungcr  is  5  inch  in  diameter. 
The  lutier  plunger  is  joined  to  a  lever  3  inches  froiu  the  fulcrum,  and 
the  baud  pressure  is  applied  3C  inches  from  the  fulcrum.  The  resiht- 
ance  to  the  punch  is  40,000  pounds.  What  pressure  must  be  exerted 
on  the  end  of  the  lever? 

S<Ji.trrroN. — When  the  end  of  the  lever  is  deprcHsed  !2  in.,  the 
forcing  plunger  moves  12  X  A  =  '  '"•  The  ratio  of  the  arens  of  the 
two  plungers  is  {4j)* :  (i)'  =  V  -i-  A  =  l-H;  hente,  when  the  smaller 
plunger  moves  1  in.,  the  larger  moves  rU  in.  The  hand  pressure  p 
exerted  through  12  in.  causes  the  resistance  of  4U,00U  lb.  to  move 
rJi  in.  Hence,  ^  X  12  =  -10,000  X  lii,  or 
40.000 


/  = 
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PRESSIIKKS  ON  SURFACES   . 

7.  PrcRRiire  on  the  Bottom  of  a  Vessel.  —  Tfit  pres- 
turc  on  the  Hat  horizontal  bottom  of  a  vessel  due  to  the  iveight 
of  the  contained  liquid  is  independent  of  the  shape  of  the  vessel 
and  is  equal  to  the  weight  of  a  prison  of  the  liquid  whose  base 
has  the  same  area  as  the  bottom  of  the  ivssel  and  whose  height  is 
the  distatue  belwcat  the  bottom  and  the  upper  surface  of  the  liquid. 

The  truth  of  this  principle  may  be  shown  by  the  following 
example:  In  Fig.  5,  the  pressure  on  the  butloiii  of  the 
vessel  a  is,  of  course,  equal  to  the  weight  of  the  water  it 
contains.  H  the  area  of  the  bottom  of  the  vessel  b  and  the 
.depth  of  the  liquid  contained  in  it  are  the  same  as  in  the 
vessel  fl,  the  pressure  on  the  bottom  of  b  will  be  the  same  as 
on  the  bottom  of  a.  Suppose  that  the  bottotns  of  the  ves- 
sels a  and  b  are  G  inches  square,  and  the  part  cd  in  the 
vessel  i"  is  2  inches  square,  and  that  both  vessels  are  filled  with 
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water.  Then,  since  the  weight  of  1  cubic  inch  of  water  is 
62.5  r-  1.728  =  .03617  pound  and  the  volume  o£  vessel  a 
6  in.  X  6  in.  X  24  in,  =  864  cubic  inches,  the  weight  of  the 
water  in  a  is  864  X  .03617  =  31.25  pounds.  Hence,  the  total 
pressure  on  the  bottom  of  the  vessel  a  is  31.25  pounds. 
The  weight  of  water  contained  in  the  part  re  of  vessel  b 
is  6  X  6  X  10  X  .03617  =  13.02  pounds;  hence,  the  pressure 
on  the  bottom  due  to  this  weie:ht  is  13.02  pounds.  The 
weight  of  the  part  contained  in  erf  is  2  X  2  X  14  X  .03617 
=  2.0255  pounds. 

tmasine  a  thin  partition  to  be  placed  horizontally  at  the 
bottom  of  the  narrow  part  c  d.  The  pressure  on  this  partition 
would    be  2.0255   pounds,   the  ^ 

weight  of  the  water  above  it; 
and.  the  area  being  4  square 
inches,  the  pressure  per  square 
inch  would  be  2.0255^4 
=  .5064  pound.  It  is  evident, 
therefore,  that  the  upper  hori- 
zontal layer  of  water  in  ec,  just 
like  the  imaginary  partition,  is 
subjected  to  a  downward  pres- 
sure of  .^64  pound  per  square 
inch. 

According  tp  Pascal's  law. 
this  pressure  is  transmitted  equally  in  all  directions;  there- 
fore, every  square  inch  of  the  large  part  of  the  vessel  b  is 
subjected  to  a  pressure  of  .5064  pound,  owing  to  the  body  of 
water  above  c.  The  horizontal  area  of  the  part  ^r  is  6  X  6 
=  36  square  inches,  and  the  total  pressure  due  to  the  weight 
of  the  water  in  the  small  part  is  .5064  x  36  =  18.23  pounds. 
Hence,  the  total  pressure  on  the  bottom  of  b  is  13.02  +  18.23 
=  31.25  pounds,  the  same  restill  as  in  the  case  of  the  ves- 
sel a.  In  both  cases,  the  pressure  is  uniformly  distributed 
over  the  bottom,  and  its  intensity,  or  the  pressure  per  square 
inch,  is  31.25  -=-  36  =  M^  pound. 

If  an  additional  pressure  of  10  povmds  per  square  inch  were 
applied   to   the   upper   surface  of    both   vessels,   the   total 
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pressure  on  their  boltoras  woiUd  be  31.25  +  (6  X  6  X  10) 
ss  31.26  +  360  =  391.25  pounds.  In  case  this  pressure  were 
obtained  by  means  of  a  weight  placed  on  a  piston,  as  shown 
in  Figs.  I  and  2,  the  weight  for  the  vessel  a  would  be 
6  X  6  X  10  =  360  pounds,  and  for  the  vessel  b  it  would  be 
2  X  2  X  10  =  40  pounds. 


Pin.  ft 


8.  Prcssare  Due  to  n  GiTeii  TTcfld. — The  pressure  of 
water  at  any  given  level  in  a  tank  or  reservoir  is  due  to  the 
weight  of  the  column  of  water  above  that  level.  This  column 
of  water  is  known  as  the  heful  and  is  measured  vertically 
from  the  level  of  the  surface  of  water 
^^^^^^  to  the  given    level    in    the    tank   or 

reservoir.  For  example,  suppose 
that  a  vessel,  as  shown  in  Fig.  6,  is 
filled  with  liquid,  and  imagine  a  hori- 
zontal partition  or  thin  piston  placed 
at  tn  n.  The  water  above  produces  a 
'  downward  pressure  on  the  partition, 
just  as  if  it  were  the  bottom  of  a 
vessel,  and.  as  shown  in  Art.  7,  this 
'  pressure  depends  only  on  the  area  of 
the  partition,  and  its  depth  below  the  surface  of  the  liquid. 
The  pressure  per  square  inch  on  this  partition  is  the 
weight  of  a  prism  of  the  liquid  whose  ba^e  is  1  square 
inch  and  whose  height  is  the  distance  from  m  n  to  the 
surface. 

The  horizontal  layer  of  the  liquid  at  mn  may  now  be  con- 
sidered as  the  partition  or  piston,  and  the  downward  pressure 
per  square  inch  on  this  layer  will  be  the  same  as  with  the 
thin  piston  first  assumed. 

The  distance  from  any  horizontal  layer  of  a  body  of  liquid 
to  the  surface  of  the  liquid  is  termed  the  head  for  that  layer. 
Let    h  —  head,  In  feet,  fnr  any  horizontal  layer; 

p  —  pressure  per  square  inch  on  the  layer,  in  pounds; 
w  —  weight. of  a  column  of  li<iiiid    1    foot  long  and 
1   square  inch   in  cross-section. 
Then.  p  =-  %v  h  (1) 
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A  column  1  foot  Ion?  and  1  square  incb  in  cross-section 
contains  12  cubic  inches.  Since  water  weighs  .03617  pound 
per  cubic  inch,  for  water  w  =  .03617  X  12  =  ,434  pound. 

Hence,  when  the  liquid  is  water, 

fi  «  .434 A  (2) 

Example. — The  depth  of  water  in  a  stand  pipe  is80  feet,  (a)  What 
in  the  pressure,  per  square  inch,  on  the  bottom?  (A)  What  is  the  pres- 
sure, per  square  inch,  on  a  layer  66  feet  from  the  surface? 

(Solution. — 
(a)    p  =^  AMA  =:  .4.S4  X  80  =  34.721b.  per  sq.  ]n.    Ans. 
id)    ^  -  .434X65  =  2S.21  lb.  per  sq.  In.    Ads. 
9.     Head  Required  for  Given  PreB»(ire, — Using  the 
symbols  of  Art.  8,  and  solving  formula  1  for  A, 
w 
When  the  liquid  is  water, 
'}  H  ^  ^  =  2.304, 

ExAUFLB.— What  must  be  the  height  of  water  !n  a  stand  pipe  to 
give  a  pressure  of  60  pounds  per  square  Inch  on  the  bottom? 
d. 


(1) 


(2) 


SOLimoN. — The  required  head  is 

h  =  2.304  X  «0  =  lfrl.32  ft. 


Xiatoral 


Ans. 
t*resBwre.  — So 


far,    only 


10.     tlp^varcl   and 

downward  pressure 
has  been  discussed. 
Upward  pressure  and 
lateral  pressure  will 
now  be  considered. 
Let  the  vessel  shown 
in  Fig.  7  be  filled  with 
liquid  to  the  level 
The  part  of  the  liquid 
in  a  ^  acts  on  the  layer 
at  b  and  produces  over 
that  surface  an  inten- 
sity of  pressure  of 
a'//,  pounds  per  square  inch,  where  hx  is  the  head  on  the 
layer  at  b.    According  to  Pascal's  law,  this  pressure  per  unit 


U 


K 


ft. 


M*^ 
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area  acts  on  all  the  bounding  surfaces  below  the  level  b; 
bencc.  the  liquid  ab  exerts  a  pressure  of  a- A,  pounds  per 
square  inch  at  c ,  c,  /,  and  k.  at  right  angles  to  the  surfaces. 
At  c  and  (,  however,  there  is  additional  pressure  due  to  the 
weight  of  liquid  between  the  level  c{  and  the  level  b',  but  at 
c,  the  liquid  below  the  level  b  can  exert  no  additional  pres- 
sure; hence,  the  total  upward  pressure  per  unit  of  area  at  c 
is  wh,  pounds,  the  same  as  the  downward  pressure  on  the 
layer  at  b. 

Consider  now  the  layer  of  liquid  r/  at  a  distance  A,  below 
the  surface  a.  The  pressure  on  this  layer  due  to  the  weight 
of  the  liquid  above  is  ri-A,  pounds  per  square  inch;  and  by 
Pascal's  law.  this  pressure  is  transmitted  to  all  parts  of  the 
bounding  surface  below  the  level  ef,  just  as  though  the 
layer  cl  were  a  solid  piston.  The  liquid  below  e  f  can  exert 
no  pressure  at  the  points  c  and  /;  hence,  at  these  points  the 
pressure  per  unit  area  is  the  same  as  the  downward  pressure 
on  the  layer  ef;  namely,  k'A,  pounds  per  square  inch.  The 
same  reasoning  shows  that  the  lateral  pressure  per  unit  area 
at  the  points  g  and  k  is  ?/'A„  where  A,  is  the  head  for  the 
layer  iT*'  The  following  important  law.  thereforej  is  a  direct 
consequence  of  Pascal's  law: 

The  pressure  Per  unit  area  at  any  point  of  a  surface,  whether 
downwards^  upwards^  lateral,  or  oblique,  depends  ontyon  thedepth 
of  the  point  beioiv  the  sur/aee  of  the  liquid.  The  magnitude  of 
this  pressure  is  given  by  formula  1  of  Art.  8,  ^  =  wh. 

Example. — In  Fig.  7,  suppose  the  depth  of  the  various  layers  below 
the  level  a  ta  he  a»t  foltowft:  t,  10  (ee(;  e  A  17  feet;  ^'jfr,  '2n  feet;  and  /, 
30  feet.  The  liqnid  is  water.  What  are  the  pressures  per  square  inch 
at  points  c,  r,  f,  ff,  k,  and  /? 

Solution. — Using  formula  3  of  Art.  8,  in  each  case, 

Pressure  nt  c  is  A'M  X  10  a  4..'W  lb.  per  sq.  in. 
Pressure  at  e  is  .43-1  X  17  =  7.37H  lb.  per  sq.  in. 
Pressure  at  /  is  .-i:i4  X  17  =  7..'i7fi  lb.  per  stj  in. 
Pressure  at  g  is  .434  X  2h  =  10. Wi  lb.  per  sq.  in. 
Pressure  at  Jk  is  .434  X  2-i  =  1(1. 80  lb.  pt-r  sq.  in. 
Pressure  at  /  Ia  AM  X  30  =  13.02  lb.  per  sq.  in. 

The  varying  pressure  per  unit  area  for  different  pt>ints 
below  the  surface  of  a  liquid  may  be  determined,  graphically, 
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as  follows:  In  Fig.  7.  the  vertical  line  OAfis  drawn  from 
the  upper  level  a  to  the  lower  level /,  and  from .Va  length  ^I/jV 
is  laid  off  horizontally  to  represent,  to  some  scale,  the  pres- 
sure per  square  inch  at  /.  Points  0  and  A''  are  joined  by  a 
straight  line  and  horizontal  lines  are  drawn  through  c,  /,  and  Jh 
to  cut  OAf  and  ON.  Then,  the  horizontal  intercepts  // C, 
£■/%  and  C //  represent  the  pressures  per  unit  area  at  their 
rest)ective  depths  to  the  same  scale  that  AfN  represents  the 
pressure  per  unit  area  on  the  surface  /. 

1 1.  Pressure  Duo  to  Kxlernal  Xioud. — If  the  surface 
of  the  liquid  is  subjected  to  a  pressure,  this  pressure,  accord- 
ing to  Pascal's  law,  is  transmitted  undiminished  to  all  points 
of  the  enclosine  vessel  and  must  be  added  to  the  pressure 
due  to  the  weight  ot  the  liquid.  For  example,  suppose  the 
surface  a,  Fig.  7,  to  be  subjected  to  a  pressure  of  30  pounds 
per  square  inch.  In  the  example  of  Art.  10,  the  pressure 
at  c  due  to  the  head  of  water  is  4.34  pounds  per  square  inch. 
To  this  is  added  the  30  pounds  per  square  inch,  giving  as  the 
total  pressure  4.34  +  30  =  34.34  pounds  per  square  inch. 

The  pressure  at  ^  and  /  is  7.378  -|-  30  =  37.37S  pounds  per 
square  inch. 

The  pressure  at  jp*  and  *  is  10.85  +  30  =  40.85  pounds  per 

(square  inch. 
The  pressure  at  /  is  13.02  -f  30  =  43,02  pounds  per  square 
inch. 
Let   G  =  total  load  on  surface  of  liquid; 
A  =  area  of  surface  loaded  in  square  inches; 


/•  =  —  =  pressure  per  square  inch  on  surface; 
A 

p  —  pressure  per  square  inch  at  a  point  h  feet  below 

surface  of  liquid. 


A 


Then, 

When  the  liquid  is  water. 


p  =  .434  /5  +  A  =  .434  //  + 


G 
A 


(1) 


(2) 


Exauplh  I.— a  vessel  filled  %»ith  ordinary  Aea-wAter  has  a  circular 
tmttnni  13  inches  in  diaii^ctcr.   Acohimnuf  ordinary  sea- wuter  12 inches 
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tigrh  by  I  square  Inch  in  croM-section  weighs  ,445  pouad.    The  top  of 
tie  vessel  Is  fitted  with  a  piston  ^  inches  in  diameter,  on  which  is  laid 
Fa  weight  oi  7.%  pounds;  what  is  the  pressure  per  square  inch  on  the 
bottom,  if  the  depth  of  the  water  is  18  inches? 

Solution.— The  head  is  18  in.  =  l.S  ft.    Usinff  formula  1, 

^  =  wA  +  ^  =  .445xl.6  +  g^g^^  ,^  =  11.28lb.persq.in,    Ans. 

RxAMPLK  2.— In  a  vertical  boiler,  the  water  level  is  S  feet  above  the 
lop  of  the  firebox  and  the  steam  pressure  is  fyv  pounds  per  square  inch; 
what  is  the  pressure  per  square  inch  on  the  top  of  the  firebox? 

Solution.  — Here  />.  =  65  lb.  per  sq.  in.    By  formula^, 
p  =  .434  A  +/>,  =  .4;M  X  5  +  tiS  =  67.17  lb.  per  sq.  in.     Ana. 

ExAurLE  3.— A  suspended  vertical  cylinder  is  tested  for  the  tight- 
ness of  its  heads  by  fiHing  it  with  water.  A  pipe  whose  inside  diameter 
is  t  inch  and  whose  length  is  'JO  feet  is  screwed  into  a  hole  in  the  upper 
bead  and  then  filled  with  water;  what  is  the  pressure  per  squf^re  inch 
on  each  head  i£  the  cylinder  Is  5  feet  long? 

SoLUTlUN.  —  For  the  upper  cylinder  head,  A  =  20  ft.;  and  for  the 
lower.  A  =  i!5  ft.     Fnira  ftirmula  2  »f  Art.  8, 

/>  ^  AM  A  =  .434  X  20  =  S.CS  lb.  persq.  in.,  on  the  upper  head 
fi  =  .434  X  25  =  lO.ttd  lb.  per  sq.  in.,  on  the  lower  head,    Ans. 

Example  4.— In  example  3,  if  the  pipe  is  fitted  with  a  piston  weigh* 
ing  i  pound,  and  a  5-ponnd  weight  is  laid  on  it,  what  is  the  pressure 
per  square  inch  on  the  upper  bead? 

SOLimON. — The  area  of  the  surface  subjected  to  the  load  of  5)  lb. 
is  (41'  X  .7854  =  .{H91  sq.  in.    The  head  A  is  20  ft.    Using  formula  2, 

/  =  .4.'M  X  20+  ^.'  =  llfl-fl  lb.  per  sq.  in.     Ans. 

12.  Snrfnrp  Tvcvel  of  TjIqiiUls. — Since  the  pressure 
on  the  bottom  of  a  vessel  due  to  the  weight  of  the  liquid  is 
dependent  only  on  the  height  of  the  liquid,  and  not  on  the 
shape  of  the  vessel,  it  follows  ihat  if  a  vessel  has  a  number 
of  radiating  tubes,  as  shown  in  Fig.  H,  the  water  in  all  tubes 
will  be  at  the  same  level,  no  matter  what  may  be  the  shape 
of  the  tubes.  For,  if  the  water  were  higher  in  one  tulie  than 
in  the  others,  the  downward  pressure  at  the  botlom  due  to 
the  height  of  the  water  in  this  tube  would  be  greater  than 
that  due  to  the  height  of  the  water  in  the  other  lubes.  Coti- 
aeqticntly.  the  upward  pressure  in  the  other  tubes  would  also 
be  greater;  the  equilibrium  would  be  destroyed,  and  water 


§24 


HYDROSTATICS 


13 


would  flow  from  this  tube  into  the  vessel,  and  rise  in  the 
other  tubes  until  it  stood  at  the  same  level  in  all,  when  equi- 
librium would  be  restored.  This  principle  is  expressed  in  the 
familiar  saying,  "water  seeks  ils  level." 

This  explains  why  city  water  reservoirs  are  located  on 
high  elevations,  and  why  water  leaving  the  hose  nozzle  spouts 


\<mmLmX^' 


Pio.  8 

so  high.     If  there  were  no  frictional  and  air  resistance,  the 

water  would  spout  to  a  height  equal  to  the  level  of  the  water 

in  the  reservoir.     If  a  vertical  pipe  with  a  length  equal  to 

the  vertical  distance  between  the  nozzle  and  the  level  of  the 

water  in  the  reservoir  were  attached  to  the  nozzle,  the  water 

would  just  reach  the  end  of  the  pipe;  and,  if  the  top  of  the 

pipe    were    lowered    slightly,    the 

water  would  flow  over.    Fountains, 

canal  locks,  and  artesian  wells  are      m|H^bg>  ~    't  ^T 

examples  of  the  working   of   this 

principle. 

13. 


Total    Pressure   on    tv 
FliU  Surface. — Suppose  AB D E,  P'\ 
Fig.  y,  to  be  a  rectangular  plane     *  if 
surface  sustaining  liquid  pressure.        >^^<' 
Tn  practice,  such  surfaces  occur  in  '"'  ' 

dams,  sluice  gates,  tanks  with  sloping  sides,  etc.     Let  the 
edges  AB  and  DE  be 'horizontal,  and  let  the  surface  be 
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inclined  at  any  angle  with  the  horizontal.  The  depth  of  the 
edge  -•/  tf  below  the  liquid  level  a  is  A,;  hence,  the  pressure  per 
square  inch  at  this  edge  is  n>  //,.  Likewise,  the  depth  of  the 
edge  Z^/i  being  /i„  the  pressure  at  this  edge  is  7f/tt,  Con- 
sider a  strip  oi  the  surface  siuv,  1  inch  wide  and  parallel  to 
the  edge  H D.  The  pressure  at  the  end  si  being  ivh^  pounds 
per  square  inch,  and  thai  at  the  other  end,  uv,  being  re  A, 
pounds  per  square  inch,  the  average  pressure  per  square  inch  is 
a/A.  +  ioA.^  Let  the  length  of  the  edge  B  D  \)q  I  inches; 
then  the  area  of  the  strip  is  /  square  inches;  and  the  total 
pressure  on  the  strip  is  /  ^^    '  ^-^  -  pounds.     If  b  denotes 

the  width  D  fi  of  the  surface,  in  inches,  there  will  be  b  strips 
like  siuv,  each  1  inch  wide,  and  the  total  pressure  P  on 
the  surface  is 


P  =  bi 


j(/ A,  4-  a' A, 


^  blw 


A.  +  A. 


(1) 


2  2 

Now,  /;  X  /  is  the  area  of  tlie  surface  and  -^—^  is  the 

depth  of  the  center  of  gravity  G  of  the  surface  below  the 
liquid  level.  Hence,  the  total  liquid  f>ressure  on  a  rcctartgutar 
plane  snrfaee  is  the  product  oi  the  area  of  the  surface  and  the 
Pressure  f>er  unit  area  due  to  the  head  of  the  liquid  abofe  the 
center  of  gravity.  Sometimes  the  following  statement  Is  used: 
The  total  liquid  pressure  is  equal  to  the  weight  of  a  prism  of 
liquid  whose  base  is  the  area  of  the  surface  and  whose  height  is  the 
distance  of  the  center  of  gravity  of  the  surface  keloiv  tfie  liquid  level. 
It  can  be  proved  that  this  law  holds  good  for  all  flat  sur- 
faces whatever  their  outline.  For  a  flat  plate,  only  part  of 
whose  surface  sustains  liquid  pressure,  the  law  holds  good 
for  the  part  below  the  liquid  level. 

Let  A  =  area  in  square   inches,  of   a  plane  surface  sus- 
taining liquid  pressure; 
A,  —  head,  in  feet,  of  liquid  above  center  of  gravity; 
w  =  weight  of  a  column  of  liquid   1   foot  long  and 

1  square  inch  in  cross-section; 
P  =  total  pressure  on  surface,  in  pounds. 
Then.  P  =  .-/rrA„  (2) 
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ExAUPLE.— A  vertical  sluice  gate.  Fig.  10,  is  3i  feet  wide,  aad 
5  fMt  of  it  is  below  the  water  level;  what  Is  the  total  pressure  oa 
the  gate? 

Solution. — The  area  sustaining  liquid 
pressure  is  3^  X  -■>  X  H4  =  2.52(>  sq.  in.  The 
center  uf  gravity  of  the  submerged  part  is 
5  +  2  «»  2i  ft.  below  the  water  surface; 
beoce,   by  rormula  2,  /*  =  Awh» 

=  2.520  X  .434  X  2J  =  2.7*4.2  lb.    Aos. 

14.  Resolved  Pressure  lii  a 
Ulven  Direction.— Let  BCDE, 
Fig.  11,  represent  a  rectangular  plane 

area  and  p  the  normal  pressure  on  it  per  unit  ot  area.  The 
force^may  then  be  resolved  into  the  rectangular  components/, 
and  /,.  Let  m  denote  the  angle  between  p  and  its  component  /,; 
then  ft  —  p  cos  w.  Suppose,  now,  that  a  plane  is  passed 
through  the  edge  BC  perpendicular  to  the  force  /,.  and 
let  D  and  E  be  projected  on  this  plane,  giving  the  points  fy 
and  IV.     The  rectangular  area  B  CD'/V  is  the  projection  of 

the  area  BCDE  on  the 
plane  perpendicular  to  /,. 
/j  Evidently,  angle  J^/7 A"'  =  wi, 
since  p  is  perpendicular  to 
BE  and  /,  is  perpendicular 
to  BE*:  then  B E^  ^  BE 
cos  m,  and  area  B  C D*  E^ 
=  area  B  CD  E  X  cos  m. 

Now,  /,  is  the  pressure 
per  unit  of  area  in  its  direc- 
tion; hence,  if  --/  denotes  the 
area  of  BCDE,  the  total  pressure  on  this  area  ia  the  direc- 
tion of  /,  is 

f.A^p  cos  mY.  A  —  pA  cos  m 

But,  A  cos  m  is  the  area  of  HC  ly  E^  the  projection  of 
BCDE  on  the  plane  perpendicular  to  /,.  Hence,  the 
Pnssure  txerted  by  a  iluid  in  any  direction  on  a  plane  sur- 
ifue^  is  equal  to  Ihe  weight  df  a  prism  of  the  fluid  whose  base 
is  the  area  of  tfte  projection  of  the  surface  on  a  plane  at  right 
angles   to   the  direction   considered,   and   whose   fteigkt   is   the 
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depth  ol  the  center  of  gravity  of  the  surface  Mow  the  level  of 
the  liquid. 

Example.— The  earthwork  dam,  Fig.  12.  ?;ustains  a  water  pressare 
ttloQg  the  face  A  H,  iuclincd  at  (jO^  to  the  horizontal;  the  distance  A  B 

ill  contact  with  water  is  18  feet,  and 
the  length  of  the  dam  is  00  feet.  What 
\'^  the  total  pressure  on  the  dam  tn  a 
horJEODtal  direction  and  in  a  vertical 
/      I  \  direction? 

Solution. — The  projection  of  A  S 
.  on  a  vertical  plane  is  A  C,  and  the 
length  of  AC  is  A  B  X  sm  60" 
=.  18  X  .Wiflai  =  15.589  ft.  The  length 
being  (H)  ft.,  the  projection  on  the  vertical  plane  of  the  oblique  sur- 
face sustaining  pressure  is  In. 589  X  00  =  935.34  sq.  ft.  Tlie  center 
of  gravity  of  A  B,  and  also  of  A  C,  lics  at  a  distance  of  15.589  +  2 
—  7.794  ft.  below  the  water  level,  The  prism  of  w.iler  with  a  base  of 
935.34  sq.  ft.  and  a  height  of  7.7M  ft.  weighs  9*>.34  x  7.7W  X  62.5 
=  4o6,627  pounds,  which  is  the  total  pressure  ta  a  horizontal  direction. 

Ans. 
The  projection  B  C  ha*  a.  length  y4  5  X  cos  00°  =  18  X  .5  =  9  It., 
and  the  area  of  the  projection  of  the  oblique  surface  on  the  horizontal 
plane  is,  therefore,  H  X  IIO  =  MO  sq.  ft.  A  pri.sm  of  water  with  this 
base  and  with  a  height  of  7.7JM  ft.  weigh.s  540x7.71)4X62.5 
=  263,050  pounds,  which  is  the  total  downward  pressure  of  the  water 
on  the  dam, 

15.     Pressures  on  Curved  und  Irregular  Surfuees. 

If  the  surface  sustaining  iluid  pressures  is  not  plane,  but  is 
curved  or  irregular,  U»e  total  pressure  on  it  in  any  direction 
is  the  same  as  the  total  pressure  would  be  on  the  projection 


of  the  surface  on  a  plane  at  right  angles  to  the  s^iven  direc- 
lion.  To  illustrate  this  statement,  consider  the  three  pistons 
shown  in  Fig.  13.  In  Fig.  13  [a]  is  shown  a  piston  whose 
end  has  the  form  of  a  segment  of  a  sphere;  in  Fig.  13  (6) 
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is  sbowTi  one  of  irregular  form;  and  in  Fig.  13  (c)  is  shown 
one  with  a  flat  surface.  In  each  case,  the  projection  of  the 
surface  sustaining  pressure,  on  a  plane  perpendicular  to 
the  piston  rod,  is  the  circular  cross-section  of  the  cylinder, 
and  if  the  pressure  per  unit  area  is  the  same  In  the  three 
cylinders,  the  thrust  on  the  piston  rod  is  the  same.  This 
law  applies  to  all  fluids,  lic]uid  or  gaseous,  and  it  assumes 
that  the  pressure  per  unit  area  is  the  same  at  all  points  of 
the  surface. 

In  the  case  of  a  submerged  curved  or  irregular  surface, 
where  the  pressure  per  unit  area  varies  with  the  depth  below 
the  surface,  this  law  does  not  hold  except  for  a  projection  on 
a  vertical  plane.  ^^  t-t 

Ik 


T 


AM 


Pis.  14 


Suppose,  for  example, 
that  the  side  wall  of  a  ves- 
sel, Fig.  14,  has  a  cylindri- 
cal part  BFC.  Then  the 
total  horizontal  pressure 
on  this  part  is  equal  to  the 
total  horizontal  pressure 
on  the  vertical  plane  sur- 
face ^  C,  supposing  B  Cto 
be  substituted  for  the 
curved  surface.  This  pres- 
sure may  be  found  by  the  use  of  formula  2,  Art.  13,  using 
for  A  the  area  of  the  projection,  not  that  of  the  curved  sur- 
face; that  is,  the  pressure  is  equal  to  the  product  of  the  area 
o!  the  projection  and  the  pressure  per  square  inch  due  to  the 
head  above  the  center  of  gravity  of  the  curved  surface.  Let 
the  diameter  BC  he  10  inches,  the  length  of  the  cylinder 
15  inches,  and  the  depth  of  the  center  of  gravity  below  the 
stirface,  30  inches  =  2^  feet.  The  projected  area  is  10  X  15 
=  150  square  inches,  and  the  total  pressure  is  Z'  =  W  WA, 
=  150  X  .434  X  2i  =  162.75  pounds. 

For  the  cylindrical  part  DC /i  in  the  bottom  of  the  vessel* 
this  law  is  not  true.     To  get  the  total  vertical  pressure,  the 
projected  area  on  the  bottom,  that  is,  the  diameter />£"  multi- 
plied by  the  length,  must  be  multiplied  by  the  pressure  per 
173— a 
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square  inch  due  to  a  certain  head.     This  head,  however,  is 

neither  tliai  above  the  center  of  gravity  of  the  curved  surface, 

nor  that  above  the  boiioin.     If  (/  denotes  the  diameter  D Eol 

the  cylinder,  /  its  length,  and  h  the  head  of  water  above  the 

Ijottom,  then  the  total  downward  pressure  on  the  cylindrical 

part  OG E  is  equal  to  the  volume  of  the  water  resting  on 

the  curved  surface,  multiplied   by  the  weight  of  water  per 

ttjiit  volume.     The  total  volume  above  the  curved  surface  is 

equal  to  the  volume  h  dl  above  the  flat  side  of  the  cylindrical 

r  d'  I 
part  minus  the  volume    *       ^  of  the  cylindrical  part.     The 

W>Hinfie,  per  unit  of  lengih,  resting  on  the  curved  surface,  is, 

therefore,  [hd—  ''  -)•     H  h  is  in  feet  and  d  in  inches,  the 

tt>tal  downward  pressure,  per  inch  of  length  of  the  cylindrical 

part,  is  .434  [hd  -  "^   )•     H  //.  represents  the  average  head, 

iji  feet,  of  the  water  above  the  curved  surface,  then  .434  /^  rfis 
hIso  the  vertical  pressure  per  inch  of  length  of  the  cylindrical 

part,    and    therefore    .434  A.rf  =  .434  ^A^/- ^^\     Hence, 

That  is,  the  head  required  to  give  the  true  total  pressure  is 
h  —  *—,  which  is  quite  different  from  that  above  the  center 

of  gravity. 

The  whole  subject  of  the  pressure  in  any  direction  on  a 
Qur\'ed  or  irregular  surface  may  be  summarized  as  follows: 

1.  If  the  cxlL-rnal  pressure  is  so  great  that  the  pressure 
due  merely  to  ihc  weight  of  the  fluid  may  be  ne^^lccted  in 
comparison,  the  total  pressure  in  any  direction  is  equal  to 
the  product  of  the  projection  of  the  surface  on  a  plane  per- 
pendicular to  that  direction,  and  the  pressure  per  unit  of 
area. 

2.  When  the  pressure  is  due  wholly  or  in  part  to  the  weight 
of  the  fluid,  as  in  the  case  of  surfaces  submerged  in  liquids, 
the   total   pressure   in   any  direction,  except  the  horizontal 
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direction,  cannot  in  general  be  determined  except  fof  regu- 
larly curved  surfaces,  such  as  those  of  spheres,  cylinders, 
and  cunes,  and  for  these  the  calculations  are  diflficuU  and  must 
be  usually  made  by  higher  inaihcmatics. 

3.  The  total  horizontal  pressure  on  any  surface,  however, 
is  easily  found.  It  is  precisely  the  same  as  the  horizontal  pres- 
sure on  the  projection  of  the  given  surface  on  a  vertical  plane. 

16.  Fluid  Pressmroft  In  Cyllmlere.^Let  a  cylinder 
contain,  under  pressure,  a  fluid  which  may  be  a  liquid,  as  in 
city  water  mains  and  stand  pipes,  or  a  gns,  as  in  the  case  of 
pipes  carrying  steam,  compressed  air,  etc.  The  pressure  per 
square  inch  is  assumed  to  be  the  same  for  all  points;  that  is, 
the  slight  increase  of  pressure  on  the  lower  half  of  the  pipe 
due  to  the  weight  of  the  fluid  contained  in  it  is  neglected. 
Consider  the  upper  half  of  a  short  section  of  a  pipe  or  cyl- 
inder, as  W  M li  E,  Fig.  15.  This  is  a  curved  surface  whose 
under  side  is  subjected  to  a  uniform  pressure  of,  say/  pounds 
per  square  inch.  Now,  according  to 
Art.  15,  the  total  pressure  on  this  sur- 
face in  a  vertical  direction  is  the  same 
as  if  the  pressure  acted  on  the  pro- 
jection of  the  surface  on  a  horizontal 
plane.  If  d  denotes  the  inner  diameter 
of  the  cylinder,  and  /  the  length  BE 
of  the  given  section,  then  dl  is  evi-  Vvl  I 
dentlytheareaof  this  projection;  hence, 
the  total  vertical  pressure  '\%  P  -  pdf.  ?»<».« 

The  lower  half  CNDFG^  likewise,  is  a  curved  surface 
subjected  to  a  pressure  oip  pounds  per  square  inch.  It  has 
the  same  projected  area  as  the  upper  half;  hence,  the  total 
vertical  pressure  on  it,  acting  downwards,  is  likewise  P  =  pdl. 

In  the  figure,  the  two  halves  are  shown  separated;  the 
same  reasoning  holds  good,  however,  when  they  are  united. 
The  two  forces,  one  of  which  tends  to  force  the  upper  half 
upwards  and  the  other  to  force  the  lower  half  downwards, 
are  equal  and  opposite,  and  their  combined  tendency  is  to 
separate  the  two  halves  by  tearing  thetn  apart  along  th'' 
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lines  DFsLnd  CG.  This  tendency  is  resisted  by  the  tenacity 
of  the  material  comprising  the  cylinder.  Evidently,  the 
imaginary  plane  cutting  the  cylinder  into  halves  may  have 
any  direction;  and  the  force  tending  to  separate  the  halves 
will  be  the  same, 

ExAUPLE  1. — The  pressure  in  a  water  main  is  60  pounds  per  square 
inch  and  the  inner  cliuinctcrof  the  main  is  H  inches;  what  is  the  total 
fnrce  tending  to  separate  one  half  from  the  other  in  a  section  of  pipe 
10  feet  Iou>;? 

Solution.— Here  />  =  flO,  rf  =  8  in.,  and  /  =  10  ft.  =  120  in. 
/»  =  /(/;  =  60x8Xl20  =  57,000  lb.     At3S. 

ExAMPLB  2.— A  section  of  stand  pipe  is  4  feet  lung  and  10  feet  in 
diameter,  and  its  upper  edj^e  is  70  feet  below  the  level  of  the  water; 
what  is  the  force  tending  to  sepurate  oae  half  from  the  other? 

Solution.— The  center  of  gravity  of  the  section  is  2  ft.  below  the 
upper  edge,  and  therefore  70  +  2  =  72  ft.  below  the  water  level.  The 
pressure  due  to  this  head  is  />  =  .434  X  72.  The  projected  area  of  one 
half  is  4  X  10  =  40  sq.  ft.  =  &.760  sq.  in.  The  total  pressure  Is  there- 
fore .4:i4  X  72  X  5,7tf0  =  17P,Wf>t.4S  !b.     Ans. 

17.  Fluid  Pressure  In  a  Sphere, — For  a  hollow 
sphere  filled  with  fluid  under  pressure,  the  same  principle 
applies  as  in  the  case  of  the  cylinder. 

Let   d  =  inner  diameter  of  sphere  in  inches; 
P  =  pressure  per  square  inch; 

P  =  total  pressure  in  one  direction  tending  to  separate 
one  half  of  sphere  from  the  other. 
The  projection  of  one  half  of  the  sphere  on  the  plane  cut- 
ting it  into  two  halves  is  a  circle  whose  diameter  is  ^  and 
whose  area  is  i  rrf';  therefore, 

P=  IziTp 

Example. — A  spherical  boiler  fl  feel  in  diameter  contains  steam  and 
water  having  a  presHure  of  4^)  pounds  per  square  inch;  what  is  the 
force  tending  to  separate  one  half  from  the  other? 

Solution.—    /*=*  ^ri/»;>  =  .7854  X  96' x  Jii  =  325,721  lb.     Ans. 


EXAMIM.KS    rOH     I'KACTICK 

1.  The  dianieler  of  the  jihinger  of  a  hydraulic  press  used  in  an 
engineering  eslablishnieut  is  V2  inches.  Water  is  forced  into  the 
cylinder  of  the  press  by  meaus  of  a  small  pump  having  a  plunger 
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whose  diameter  is  i  inch  and  stroke  4  inches.  What  pressure  is 
exerted  by  the  large  plunger  wheti  the  force  acting  on  the  small 
plunger  is  125  pounds?  Ans.  SU.OOO  lb. 

2.  If  the  small  plunger  in  example  1  makes  96  working  strokes 
per  minute:  (12)  bow  long  will  it  take,  the  large  plunger  to  move 
8  inches?  {*)  what  is  the  velocity  ratio?  ._-  /  (a)  H  njin, 

^*U*)  2o6:l 

3.  A  vertical  pipe.  88  feet  high,  is  filled  with  water,    {a)  \Vhatisthe 

pressure  per  square  inch  on  the  buiiora  ?     (A)  If  the  diameter  of  the  pipe 

is  H  inches,  what  is  the  total  pressure  tending  to  burst  a  section  2\  inches 

high,  whose  center  of  gravity  is  '21  feet  from  the  bottom? 

i-=  /  i^)  3**-2  lb.  per  so.  in.,  nearly 
^"■l(*}  6B1.58  1b. 

4.  A  hollow  sphere  8  Inches  in  diameter  is  connected  to  a  pipe  in 
which  a  head  of  water  10  feet  above  the  center  of  g^a\-ityof  the  sphere 
is  maintained,  and  the  upper  surface  of  the  water  is  subjected  to  a 
pressure  of  S  pounds  per  square  inch;  what  is  the  total  pressure  tend- 
ing to  rapture  the  sphere  on  a  pl.me  passing  through  its  center? 

Ans.  620  1b.,  nearly 


BUOYANT  EFFECT  OF  LIQUIDS 


JMMKR8ION  AND  FliOTATION 


^1        18.     Buoyant  Kffopt. — In  a  mass  of  liquid  at  rest,  sup- 
I         pose  a  part  of  the  liquid  m  w,  Tig.  Ifl.  'to  become  rigid  with- 
out changing:  its  form.     Having  the  same  density  as  before, 

the    part   will    evidentiy   remain    at 

rest  and  will  be  held  in  equilibrium. 

Let  the  weight  of  the  rigid  part  be 

denoted  by  B,  the  total  downward 

pressure  by  P,  and  the  total  upward 
I         pressure  by  P,.     That  the  part  may 

remain  at  rest,  the  upward  force  /*, 

must  balance  the  downward  forces  P 

and  B;  that  is, 
I  P,  =^  P-j-  B\  ox,  P,-  P  =  P 

^B        The  difference  between  the  total  upward  and  downward 
^^    pressures,  P,  —  A  or  the  amount  by  which  /',  exceeds  /*, 

is  called  the  buoyant  effort,  which  acts  upwards.     Since 


Pio.  » 
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P^  —  P  -=  B^  it  is  evident  that  the  buoyant  efifort  is  equal 
to  5.  the  weight  of  the  rigid  mass  mm  oi  the  liquid. 

Suppose  that  a  solid  body  is  immersed  in  the  liquid,  taking 
the  place  of  the  part  m  m,  which  is  considered  rigid,  and  let  the 
weight  of  this  body  be  denoted  by  G.  Evidently,  the  body  will 
be  subjected  to  the  same  vertical  pressures  /'and  y,;  therefore, 
since  the  vertical  forces  acting  on  the  body  are  (7 and  /'down- 
wards and  /*,  upwards,  the  net  vertical  force  downwards  is 
P^^G-  P,  =  G  -  {P,  -~  P)  ^  G~  P 
B  is  equal  to  the  buoyant  effort  and  is  the  weight  of  the 
liquid  displaced  by  the  body.  Hence,  when  a  solid  body  is 
immersed  in  a  liquid,  a  buoyant  effort  equal  to  the  weight  of  the 
liquid  displaced  acts  upwards  and  opposes  the  action  of  gravity. 

The  weight  of  the  body^  as 
shown  by  a  seale,  is  de- 
creased by  an  amount  equal 
to  the  buoyant  effort^  that 
is ,  the  weigh  t  of  liqu  id 
,  displaced.  This  is  called 
the  principle  of  Archl- 
Mietles,  because  it  was 
first  stated  by  him. 

Archimedes*s  principle 
may  be  experimentally 
demonstrated  with  the 
beam  scales  shown  in 
Fig,  17,  From  one  scale 
pan  suspend  a  hollow 
cylinder  of  metal  t,  and 
below  that  a  solid  cylinder  a  of  the  same  size  as  the  hollow 
part  of  the  upper  cylinder.  Put  weights  in  the  other  scale 
pan  until  they  exactly  balance  the  two  cylinders.  If  a  be 
immersed  in  watt-r,  the  scale  pan  containing  the  weights  will 
descend,  showing  that  a  has  lost  some  of  its  weight.  Now» 
fill  /  with  water,  and  the  volume  of  water  that  can  be  poured 
into  t  will  equal  that  displaced  by  a.  The  scale  pan  that 
contains  the  weights  will  gradually  rise  until  /  is  filled, 
whcD  the  scales  balance  again. 


Via.  17 
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If  a  body  immersed  in  a  liquid  has  the  same  weit'ht  as  the 
liquid  it  displaces,  then  G  ^  By  the  net  vertical  force  G  —  B 
is  zero,  and  the  body  will  remain  at  rest  at  any  depth  below 
the  surface. 

If  the  body  is  heavier  than  the  liquid  it  displaces,  then  G\& 
greater  than  B,  the  net  vertical  force  G  —  B  is  downwards, 
and  the  body  will  sink  to  the  bottom. 

If,  on  the  other  hand,  the  body  is  lighter  than  the  liquid  it 
displaces,  B  is  greater  than  G,  the  net  vertical  force  B  —  G 
is  upwards,  and  the  body  will  rise  to  the  surface. 

An  interesting  experiment  in  confirmation  of  the  above 
facts  may  be  performed  as  follows:  Drop  an  egg  into  a  glass 
jar  filled  with  fr^sh  water.  The  mean  density  of  the  egg 
being  a  little  greater  than  that  of  the  water,  the  egg  will  fall 
to  the  bottom  of  the  jar.  Then,  dissolve  salt  in  the  water, 
stirring  it  so  as  to  mix  the  fresh  and  salt  water.  The  sal,t 
water  will  presently  become  denser  than  the  egg  and  the  egg 
will  rise.  Now^  if  fresh  water  is  poured  in  until  the  egg  and 
the  water  have  the  same  density,  the  egg  will  remain  in  any 
position  in  which  it  may  be  placed  below  the  surface  of  the 
water  when  the  latter  is  perfectly  at  rest.  '^ 


19.  Float!  n«:  Bortles. — A  body  lighter  than  an  equal 
volume  of  a  liquid  rises  to  the  surface  when  immersed  in  the 
liquid,  and  floats.  For  equilibrium,  the  buoyant  effort  repret 
sented  by  B  must  be  jnst  equal  to  the  weight  G  of  the  body. 
But  since  fi  is  the  weight  of  the  liquid  displaced,  the  follow- 
ing principle  results:  Thf  ^veighi  of  ihf  liquid  displaced  by  a 
iloaling  body  is  equal  to  the  7veighi  of  the  body. 

The  depth  at  which  a  body  floats  in  a  liquid  depends 
on  the  relative  weights  of  equal  volumes  of  the  body  and 
the  liquid.  If  the  body  is  nearly  as  heavy  as  the  liquid,  it 
will  sink  until  it  displaces  nearly  its  own  volume;  if  verjj 
light  compared  with  the  liquid,  the  larger  part  of  the  body 
will  be  above  the  liquid  surface.  For  example,  ice  has  t^ 
specific  gravity  of  about  .9;  hence,  about  one-tenth  of  an 
iceberg  appears  above  the  surface  of  the  water  and  niner 
tenths  is  submerged.     The  specific  gravity  of  pine  is  aboift 
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,5;  hence,  about  one-half  of  a  pine  log  is  submerged  and 
one-half  is  above  water. 

The  following  examples  show  applications  of  the  principles 
given  in  the  preceding  paragraphs: 

Example  1.— Water-tight    canvas   air  bags  are    used  (or  raising 

sanken  ships.  They  are  suuk  when  collapsed,  attached  to  the  ship 
by  divers,  and  then  filled  with  uir  by  means  of  pumps  fntm  above. 
(a)  If  the  capacity  uf  a  tiag  is  300  cubic  feet,  what  is  its  buoyant 
effort?     {6)  How  many  ba^s  will  be  required  to  lift  600  tons? 

Solution. — The  weight  of  the  bag  and  enclosed  air  may  be 
neglected,  (a)  The  bnoyant  effort  of  one  bag  is  the  weight  of  water 
displaced  by  the  full  bag,  that  is,  200  X  62.5  =  12.500  lb.     Ans. 

600X2,000 


(A)     To  raise  600  tons,  therefore, 


13,&00 


:  9t)  bags  are  required. 
'  Ads. 


Example  2. — A  cast-in)n  cylinder  is  14  Inches  long  and  8  inches  in 
diameter  on  the  ontside;  it  is  closed  at  the  eods  and  the  raetal  is  4  inch 
thick  throughout.     Will  the  cylinder  Ooat  or  sink  in  waterP' 

Solution. — The  volume  of  the  entire  cylinder  is  .78&4  X  8*  X  U 
=  703.72  cu.  ID.  The  hollow  part  has  a  length  of  13  in.  and  a 
diameter  of  7  in.;  its  volume  is  therefore  .7854  X  7'  X  13  =  500.3  cu.  in. 
The  volume  of  metal  is  therefore  703.72  -  .'>00.3  =  203.42  cu.  in. 
Taking  the  weight  of  cast  iron  as  450  lb.  per  cu.  ft.,  the  weight  of  the 


203  42 

cylinder  is  ^f^  X  450  =  52.973 


lb.     If  immersed,  the  cylinder  dis- 
703.72. 


places  70*. 72  cu.  In.  of  water,  which  weighs   .--'.jir  X  62.6  =  25.453  lb. 
The  buoyant  effort  being  less  thaa  the  weight,  the  cylinder  will  sink. 


SPECIFIC  GRAVITY 

20.  Specific  Gravity  of  Solids, — The  specific  gravity 
of  a  body  has  been  defined  as  the  ratio  between  the  weight 
of  the  body  and  the  weight  of  an  equal  volume  of  water. 

Archimedes's  principle  affords  an  easy  and  accurate  method 
of  finding  the  specific  gravity  of  solids  not  easily  soluble  in 
water.  The  body  is  weighed  first  in  air,  then  in  water, 
stispended  by  a  string  from  a  scale  pan,  thus  taking  the  place 
of  the  two  cylinders  shown  in  Fig.  17.  The difkrfuff  brhveen 
the  two  weights  will  be  the  weighl  of  an  equal  X'olume  of  waier. 
The  ratio  of  the  weight  in  air  to  the  difference  thus  found  will 
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» 
^ 


Sp.  or.  .  ,5;=- 


n.8.     Ans, 


be  the  specific  gravity.    The  abbreviation  for  specific  ffravtly 
is  Sp.  Gr. 

Let   G  =  weight  of  solid  in  air; 

G'  =  weight  in  water; 
G  —  <?  =  weight  of  a  volume  of  water  equal  to  volume 
of  solid. 

Then.  ^^'^^'^G&G'  ^^^ 

ExAHPi^  1. — A   body  in   air  weighs    361   ounces  and   in   water 

30  ounces;  what  is  its  specific  gravity? 
Solution. — Substituting  in  formula  1, 

364  -  30  "   «i 

If  the  body  is  lighter  than  water,  a  piece  of  iron  or  other 
substance  sufficiently  heavy  to  sink  both  must  be  attached  to 
it.  Thertt  weigh  both  bodies  in  air  and  both  in  water.  Weigh 
each  separately  in  air^  ami  weigh  the  heax'ier  body  in  water. 
Subtract  the  weights  of  the  bodies  in  air  and  in  water^  and  the 
result  will  be  the  weight  of  a  volume  of  the  water  equal  to  the 
volume  of  the  two  bodies.  Find  the  difference  of  the  weights  of 
the  heavy  body  in  air  and  in  water^  and  the  result  will  be  the 
weight  of  a  voluvte  of  water  equal  to  the  volume  of  the  heavy 
body.  Subtract  this  last  result  from  the  former^  and  the  result 
will  be  the  zveight  of  a  volume  of  water  equal  to  the  volume  of 
the  light  body.  The  weight  of  the  light  body  in  air  divided  by 
the  weight  of  an  equal  volume  of  water  is  the  specific  gravity 
of  the  light  body. 

Let    .       G  =  weight  of  both  bodies  in  air; 

C  =  weight  of  both  bodies  in  water; 
Gi  =  weight  of  light  body  in  air; 
Gt  —  weight  of  heavy  body  in  air; 
Gt  =  weight  of  heavy  body  in  water. 
Then,  the  specific  gravity  qf  the  light  body  is  given  by 

(7. 


Sp.  Gr.  = 


(2) 


{G^G')-{G,~G,) 
EXAHPLB  2. — A  piece  of  cork  weighs  4.8  ounces  in  air;  a  pi«ce  of 
cast  iron  weigh.s  •'J6  ounctrs  in  air  and  31  ounces  in  water:  the  weight  of 
the  iron  and  cork  together  in  water  is  15.8  ounces,     [a)  What  is  the 
specific  gravity  of  the  cork?    {b)  Of  the  cast  iron? 
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Solution. — (a)  Substituting  in  Eorraula  2  the  values  given, 

«  _  4^^ 4.8  ^    . 

SP*  (»r-        (40  y  _  15  gj  _  (3g  _  31)        20 

the  specific  gravity  o£  the  cork.    Ans. 

(A)  By  formula  1,  Sp.  Gr.  =  ^_  ^  =  36^^31  -  7.2,  the  specific 
gravity  of  the  iron.    Ans. 

21 .  specific  Cfi-avlty  of  T^lqitids. — To  find  the  specific 
gravity  of  a  liquid: 

IVciffh  an  empty  flask;  fill  it  with  waier^  ihen  7tmsch  ii 
again  and  find  the  diifercnee  betiveen  the  hvo  results;  this  dif- 
ference will  equal  the  weight  of  the  water.  Then  weigh  the 
flask  filled  with  ihr  liquid,  and  subtract  the  weight  of  the  flask; 
the  result  is  the  weight  of  a  volume  of  the  liquid  equal  to  the 
volume  of  the  water.  The  7veight  of  the  liquid  divided  by  the 
xvcight  of  the  water  is  the  specific  gravity  of  the  liquid. 
Let  G  =  weight  of  the  flask  and  liquid; 

G^  —  weight  of  the  flask  and  water; 

Gt  =  weight  of  the  flask. 

Then,  Sp.  Gr.  =  ^^^^= 

I'l  —  Gt 

Example. — If  the  weight  of  the  fiask  is  8  ounces,  the  weight  when 

filled  with  water  is  HS  ounces,  Hnd  wlieit  filled  with  alcahul  28  uunces, 

what  IK  the  Kpecitic  gravity  of  the  alcohol? 

Solution. — Substituting  in  the  formula, 

22.  Specific  Gravity  of  Onscs. — The  specific  gravity 
of  a  gas  is  found  by  dividing  the  weight  of  a  given  volume 
of  the  gas  by  the  weight  of  an  equal  volume  of  air  or  hydro- 
gen. Air  is  usually  taken  as  the  standard  for  gases,  but 
hydrogen  is  sometimes  used.  Water  is  the  standard  for 
liquids  and  solids.  The  specific  gravity  of  gases  is  usually 
taken  at  a  temperature  of  32°  F.  The  determination  of  the 
weight  of  gases  being  a  verj*  difficult  matter,  the  method  of 
finding  the  specific  gravity  of  gases  wil!  not  be  described. 

23.  lI.vdroiiiotorN. — Instruments  called  Iiydroiueters 

are  in  general  use  for  determining  quickly  an^l  accurately 
the  specific  gravities  of  liquids  and  some  forms  of  solids. 
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(1)    hydrometers    of    constant 
hydrometers  of   constant  vol- 


It 


They   are    of    two    kinds : 
weight,   as    Ucnume^M;    (2) 
ume.  as  Nicholson's. 

A  hydrometer  of  constant  weight  is  shown  in  Fig.  18. 
consists  of  a  glass  tube  near  the  bottom  of  which 
are  two  bulbs.  The  lower  and  smaller  bulb  is 
loaded  with  mercury  or  shot,  so  as  to  catise  the 
instrument  to  remain  in  a  vertical  position  when 
placed  in  the  liquid.  The  upper  bulb  is  filled  with 
air.  and  its  volume  is  such  thai  the  whole  instru- 
ment is  lighter  than  an  e(]ual  volume  of  water. 

The  point  to  which  the  hydrometer  sinks  when 
placed  in  water  is  usually  marked,  the  tube  being 
graduated  above  and  below  the  mark  in  such  a 
manner  that  the  specific  gravity  of  the  liquid  can 
be  read  directly.  It  is  customary  to  have  two  in- 
struments, one  with  the  zero  point  near  the  top  of  the  stem  for 
use  with  liquids  heavier  than  water,  and  the  other  with  the 
zero  point  near  the  bnlb  for  use  with  liquids  lighter  than  water. 

These  instmments  are  more  commonly  used  for  determin- 
ing the  degree  of  concentration  or  dilution  of  certain  liquids, 


PlO. IK 


as  adds,  alcohol,  milk,  solutions  of  sugar,  etc.,  rather  than 
their  actual  specific  gravities.  They  are  then  known  as 
acidimetcrs,  alcoholometers,  lactometers,  saccharimeters,  etc., 
according  to  the  use  to  which  they  are  put. 
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Nicholson's  hydrometer  is  shown  in  Fig.  19.  It  consists 
of  a  hollow  cylinder  carrying  at  its  lower  end  a  basket  d 
heavy  enough  to  keep  the  apparatus  uprigtft  when  placed  in 
water.  At  the  top  of  the  cylinder  is  a  vertical  rod,  to  which 
is  attached  a  shallow  pan  a  for  holding  weights,  etc.  The 
cylinder  and  its  basket  together  must  be  so  much  lighter 
than  water  that  a  certain  weight  6'  must  be  placed  in  the 
pan  in  order  to  sink  the  apparatus  to  a  given  point  c  on  the 
rod.  The  body  whose  speciBc  gravity  is  to  be  found  must 
weigh  less  than  G,  It  is  placed  In  the  pan  a,  and  enough 
weight  Gi  is  added  to  sink  the  point  c  to  the  water  level. 
It  is  eWdcnt  that  the  weight  of  the  given  body  is  G  —  G^. 
The  body  is  now  removed  from  the  pan  a  and  placed  in  the 
basket  dy  au  additional  weight  being  added  to  sink  the 
point  r  to  the  water  level.  Represent  the  weight  now  in 
the  pan  by  G,.  The  difference  G',  —  G^  is  the  weight  of  a 
volume  of  water  equal  to  the  volume  of  the  body.     Hence, 

Sp.  Gr.  =   <:— 5i 

G,  —  Cr, 

EXAMPI.B.— ThB  weight  nec«Rsary  to  slDb  the  hydrometer  to  the 
poinl  c  is  16  ounces:  the  weight  necessary  when  the  body  is  in  the  pan  a 
is  7.3  ounces,  nntl  when  the  body  is  in  the  basket  d,  10  ounces;  what 
is  the  specific  gravity  of  the  body? 

IB  -  7.3 


SoLtfTTON. — By  the  above  tonnula,  Sp.  Gr.  = 


10  -  7.3      2.7 


3  222 
Ads. 

24.  Volume  of  Irrepriilurly  ShapCMl  BoclIrH.— -Archi- 
mcdes's  principle  gives  a  very  easy  and  accurate  method  of 
finding  llae  volume  of  an  irregularly  shaped  body.  Thus, 
subtract  its  weight  in  water  from  its  weight  in  air,  and  the 
difference  will  be  the  weight  of  an  equal  volume  of  water. 
Divide  this  weight  by  .03617,  and  the  result  will  be  the 
volume  in  cubic  inches;  or  divide  by  62.5,  and  the  result  will 
be  the  volume  in  cubic  feet. 

If  the  specific  gravity  of  the  body  is  known,  its  cubic  con- 
tents can  be  found  by  dividing  its  weight  by  its  specific 
gravity,  and  then  dividing  again  by  either  .O.'^filT  or  fi2.-'>  to 
find  the  volume  either  in  cubic  inches  or  in  cubic  feet,  as  may 
be  desired. 
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EXAHPZ3.— A  cert^n  body  has  a  specific  gravity  of  4.38  and  weighs 
7ti  pounds;  bow  many  cubic  inches  are  there  in  the  body? 

76 


Solution.—    t-^^ 


479.72  CQ.  in.    Ana. 


4.38  X  .03817 

Since  the  weight  of  a  cubic  foot  of  water  varies  at  diflferent 
temperatures,  and  with  the  amount  of  impurities  it  contains, 
it  is  necessary  to  have  some  standard  when  getting:  the  spe- 
cific gravity.  This  standard  is  pure  distilled  water  at  its 
maximum  density,  which  occurs  at  a  temperature  of  39.1''  F. 
Owing  lo  the  difficulty  of  maintaining  the  low  temperature, 
however,  other  temperatures,  as  60°  or  62°  F.,  are  frequently 
used  in  practice,  while  in  some  instances  a  temperature  of 
32°  F.  is  used.  At  39.1°  F.  pure  water  weighs  62.425  pounds 
per  cubic  fool;  but  for  ordinary  calculations  it  is  customary 
to  take  it  as  weighing  1,000  oimces,  or  62.5  pounds,  per 
cubic  foot. 


BXAMPLBS    FOR    PRACTICE 

1.  If  a  certain  quantity  of  red  lead  weighs  5  pounds  in  air,  and 
4.441  pounds  in  water,  what  is  Us  specific  gravity?  Ans.  8,!>4  + 

2.  A  piece  of  iron  weighs  1  pound  In  air  and  .861  pound  In  water. 
A  piece  of  wood  weighing  1  pound  in  air  ts  attached  to  the  iron  and 
together  they  welgti  ,2  pound  in  the  water.  What  is  the  specific 
gravity  (a)  of  the  iron?  lb)  ui  the  wood?  .        I  (a)  7.1t>4 

^°®l(A)   .002 

3.  An  empty  flasV  weighed  13  ounces;  when  filled  with  water.  It 
weighed  32  ounces;  and  when  Riled  with  sulphuric  acid,  29.56  ounces. 
What  was  the  specific  gravity  of  the  acid?  Ads.  1.84 

4.  How  many  cubic  feet  of  brick,  having  a  specific  gravity  of  1.9, 
are  required  to  weigh  260  pounds?  Ans.  2.19  cu.  ft.,  nearly 
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CAPILLARITY 
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25.  Ciipninrlty  is  the  mntual  attraction  or  repulsion 
between  a  liquid  and  a  solid  that  causes  the  fluid  in  contact 
with  the  solid  to  rise  above  or  sink  below  the  level  of  the 
surrounding  liquid.  H  a  clean  glass  rod  is  placed  vertically 
in  water,  the  water  will  be  drawn  up  around  the  rod.  as 
shown  at  a  in  Fig.  20.  If  the  same  rod  is  placed  in  mercury, 
the  liquid  will  be  depressed  instead  of  raised.  On  examina- 
tion, it  will  be  found  that  water  wets  the  glass,  while  mercury 
does  not.  If  the  rod  is  greased  aud  placed  in  water,  the 
surface  of  the  water  will  be  depressed  about  the  rod.     If  a 


Pic.  20 

clean  lead  or  zinc  strip  is  placed  in  mercury,  the  surface  of 
the  mercury  will  be  raised  about  the  strip.  The  greased  rod 
when  removed  from  the  water  will  be  dry,  no  water  adhering 
to  it,  while  the  mercury  will  adhere  tr>  the  lead  or  zinc  strip, 
which  will  be  wet. 

In  general,  aH  iiquids  that  wtU  wet  the  soiitts  placed  in  them 
will  be  tilled,  7t'hile  those  that  do  not  wet  tUem  uiU  be  pushed 
down. 

These  phenomena  are  due  to  a  force  known  as  capillarity, 
because  they  are  best  shown  in  very  fine  or  hair-like  tubes 
called  capillary  tubes.  When  the  surface  of  tl)e  liciuld  rises 
at  the  surface  of  the  rod   or  tube,  the   force  causing   the 
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phenomenon  is  called  capillary  attraction,  and  when  the 
surface  of  the  liquid  is  depressed  the  force  is  called  capillary 
repulsion.  At  b.  Fig.  20,  is  shown  a  glass  tube  with  one 
end  immersed  in  water,  and  at  c  is  shown  a  glass  tube 
immersed  in  mercury.  The  surface  of  the  water  in  the 
tube  b  is  concave,  while  the  surface  of  the  mercury  in  the 
tube  c  is  convex. 

The  amount  to  which  a  liquid  will  ascend  or  be  depressed, 
varies  inversely  as  the  diameter  of  the  tube.  Thus,  water 
will  rise  twice  as  far  in  a  tube  A  inch  in  diameter  as  in  one 
iV  inch  in  diameter. 

There  are  many  illustrations  of  capillary  action.  It  causes 
the  oil  to  rise  between  the  fibers  of  a  lamp  wick  to  the  place 
of  combustion.  It  enables  cloth  and  5pong:es  to  take  up 
moisture,  and  causes  blotting  paper  to  absorb  ink.  When 
paper  is  sized,  however,  so  that  its  pores  are  filled,  the  ink* 
dries  by  evaporation. 
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PROPERTIES  OF  AIR  AND  GASES 
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ATMOSPHERIC    PUKeSUKK 

1.  PncuinatlcH  is  the  branch  of  mechanics  that  treats 
of  the  properties  of  gases. 

2.  Welffht  of  Air. — As  water  is  the  most  common  of 
liquids,  so  air  is  the  most  common  of  gases.  It  was  supposed 
by  the  ancients  that  air  was  imponderable — that  is,  that  it 
weighed  nothing — and  it  was  not  until  about  the  year  1650 
that  it  was  proved  that  air  really  had  weight,  The  ratio  of 
the  weight  of  a  volume  of  air  at  60°  F..  under  atmospheric 
pressure,  to  that  of  an  equal  volume  of  water  under  the  same 
conditions,  is  about  1  :  Klti;  that  is,  under  these  conditions, 
air  is  only  about  fIt  as  heavy  as  water.  If  a  body  is  immersed 
in  water  and  weighs  less  than  the  volume  of  water  displaced, 
the  body  will  rise  and  extend  partly  out  of  the  water.  The 
same  is  true  to  a  certain  extent  of  air.  If  a  vessel  made  of 
light  material  is  filled  with  a  gas  lighter  than  air  and  the  total 
weight  of  vessel  and  gas  together  is  less  than  the  weight  of  the 
volume  of  air  that  they  displace,  the  vessel  will  rise;  the  con- 
struction and  operation  of  balloons  are  based  on  this  principle. 

3.  Mercury  C'oluniu  Equivalent  to  Atmospheric 
Pressure. — Since  air  has  weight,  it  is  evident  that  the 
enormous  quantity  of  air  that  constitutes  the  atmosphere 
must  exert  a  considerable  pressure  on  the  earth.  This  is  easily 
proved  by  taking  a  long  glass  tube,  closed  at  one  end,  and 
filling  it  with  mercury.     If  the  finger  is  placed  over  the  open 
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end,  so  as  to  keep  the  mercury  from  running  out,  and  the 
tube  is  inverted  and  placed  in  a  cup  of  mercury,  as  shown  in 
Fig.  1,  the  mercury  will  fall,  then  rise,  and  after  a  few  oscil- 
lations will  come  to  rest  at  a  height  of  29,92,  or  roughly 
30,  inches  above  the  top  of  the  mercury  in  the  cup.  The 
height  will  always  be  the  same  under  the  same  atmospheric 
conditions,  allowance  being  made  for 
the  efifects  of  capillary  attraction. 

Nnw,  if  the  atmosphere  has  weight, 
it  must  press  on  every  square  unit  of 
the  surface  of  the  mercury  in  the  cup 
with  equal  intensity,  except  on  that 
pari  of  the  surface  covered  by  the 
tube.  According  to  Pascal's  law, 
which  is  given  in  Ifydroslatics,  this 
pressure  is  transmitted  equally  in  all 
directions.  There  being  nothing  in 
the  tube,  except  the  mercury,  to 
counterbalance  the  upward  pressure 
of  the  air,  the  mercury  falls  in  the 
lube  until  it  exerts  a  downward  pres- 
sure on  the  upper  surface  of  the  mer- 
cury in  the  cup  suHiciently  great  to 
counterbalance  the  upward  pressure 
produced  by  the  atmosphere.  In 
order  that  there  shall  be  equilibrium, 
the  pressure  of  the  air  per  unit  of 
area  on  the  upper  surface  of  the 
merciwy  in  the  cup  must  be  equal  to 
the  pressure  exerted  per  unit  of  area 
by  the  mercury  inside  the  tube  at  the 
level  of  the  surface  of  the  mefcury  in  the  cup. 

Suppose  that  the  area  of  the  inside  of  the  tube  is  1  square 
inch;  then,  since  mercury  is  13.50  limes  as  heavy  as  water, 
and  water  weighs  .03613  pound  per  cubic  inch,  the  weight  of 
the  mercurial  column  is  .03613  X  13.51)  x  29.92  =  1 1.69  pounds. 
More  accurate  determinations  make  the  average  value  at  sea 
level  14.696  pounds  per  square  inch  at  a  temperature  of  32°  F. 
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inch,  a  height  of  1  inch  corresponds  to  a  pressure  of 


Since  this  weight,  exerted  on  1  square  inch  of  the  liquid  in 
the  cup,  just  produces  equilibrium,  it  is  plain  that  the  pressure 
of  the  outside  air  is  I4.fii»6  pounds  on  every  square  inch  nf 
surface.  In  engineering  practice,  however,  a  value  of  14.7 
is  generally  used.  Since  a  column  of  mercury  2!).fl2  inches 
high  corresponds  to  a  pressure  of  14.696  pounds  per  square 

14. 896 
29.92 

=  .4911  pound  per  square  inch.  For  ordinary  calculations, 
this  value  is  taken  at  .49  pound. 

4,  Vacuum. --The  space  between  the  upper  end  of  the 
tube  and  the  upper  surface  of  the  mercury  inside  the  tube  is 
absolutely  devoid  of  pressure  and  contains  no  substance, 
solid,  liquid,  or  gaseous.  This  total  absence  of  pressure 
constitutes  a  perfect  vuuutim.  If  there  were  a  gas  of  some 
kind  in  this  space,  no  matter  how  small  its  quantity  might 
be,  it  would  expand,  filling  the  space,  and  its  pressure  would 
cause  the  column  of  mercury  to  fall  still  lower  and  become 
shorter,  according  to  the  amount  of  gas  present;  a  partial 
vacuum  would  then  exist  in  this  space.  That  is,  there 
would  be  only  a  partial  absence  of  pressure.  If  the  mercury 
falls  1  inch,  su  that  the  column  is  only  '29  inches  high,  it  is 
said,  in  ordinary  language,  that  there  is  a  vacuum  of 
29  inches.  If  it  falls  8  inches,  it  is  said  that  there  is  a 
vacuum  of  22  inches.  If  it  falls  16  inches,  it  is  said  that 
there  is  a  vacuum  of  14  inches,  and  so  on.  Suppose  that 
the  vacuum  gauge  of  a  condensing  engine  shows  a  vacuum 
of  26  inches;  this  indicates  that  there  is  enough  air  in  the 
condenser  to  depress  the  mercury  column  30  —  26  =  4  inches, 
and  to  produce  a  pressure  of  j^  X  14.7  =  1.96  pounds  per 
square  inch  inside  the  condenser.     Written  as  a  formula,  this 

would  be 

14.7  X  (30 -r) 


P  = 


30 


in  which  p  =  absolute  pressure  in  condenser,  in  pounds  per 
square  inch; 
r  =  reading    of    vacuum    gauge,     in     inches    of 
mercury. 
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In  all  cases  where  the  mercury  column  is  used  to  measure  a 
vacuum,  the  height  of  the  column,  in  inches,  gives  the  num- 
ber of  inches  of  vacuum.  Thus,  if  the  column  is  5  inches 
rhisfh,  or  the  vacuum  gauge  reads  5  inches,  the 
Ij  vacuum    is   5    inches.     That    is,    the    difference 

between  the  pressure  in  the  condenser  and  the 
pressure  of  the  atmosphere  outside  the  condenser 
is  equivalent  to  5  inches  of  mercury.  The  height 
of  the  column  of  mercury  is  therefore  a  measure 
of  the  difference  of  pressures  existing  inside  and 
outside  the  tube. 

5.  Water  Coliimu  Kqulvalent  to  AtmoB- 
plierlu  Proesiire. — If  the  tube  had  been  filled 
with  water  instead  of  mercury,  the  height  of  the 
column  of  water  necessary  to  balance  the  pressure 
of  the  atmosphere  w^ould  have  been  30  X  13.59 
=  407.7  inches  =  33.D75  feet,  generally  taken  in 
practice  as  34  feet.  This  means  that  if  a  tube  is 
filled  with  water,  inverted,  and  placed  in  a  dish  of 
water  in  the  same  way  as  in  the  eivperimcnt  made 
with  the  mercury,  the  resulting  height  of  the 
column  of  water  will  be  about  3'1  feet. 

BAROMRTGBS 

6,  The  imromctei"  is  an  instniment  used  for 
measuring  the  pressure  of  the  atmosphere.  There 
are  two  kinds  in  general  use — the  nwyiun'al  and 
the  aruroiii.  The  merciirliil  bnroineter  is 
shown  in  Fig.  2.  The  principle  is  the  same  as  in 
the  case  of  the  inverted  tube  shown  in  Fig.  1. 
The  tube  and  cup  at  the  bottom  are  protected  by 

f  a  brass  or  iron  casing.     Al  the  top  of  the  tube  is 

/  a  graduated  scale   that  can  be  read  to  Ta'ou  inch 

Pic.  2  jjy  means  of  a  vernier.  Attached  to  the  casing 
is  an  accurate  thermometer  for  determining  ihe  temperature 
of  the  outside  air  at  the  time  the  barometric  observation 
is  taken.     This  is  necessary,  since  mercury  expands  when 
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the  temperature  is  increased,  and  contracts  when  the  tem- 
perature falls;  for  this  reason,  a  standard  temperature  is 
assumed  and  all  barometer  readingfs  are  reduced  to  this  tem- 
perature. This  standard  temperature  is  usually  taken  at 
32"  F.,  at  which  temperature  the  height  of  the  column  of 
mercury  is  about  30  inches.  Another  correction  is  made  for 
the  altirnde  of  the  place  above  sea  level,  and  a  third  correc- 
tion for  the  effects  of  capillary  attraction. 
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7.  An  aneroid  bHroineter  is  shown  in  Fig.  3.  This 
instrument  is  made  in  various  sizes,  from  the  size  of  a  large 
watch  up  to  one  with  an  8-  or  10-inch  face.  The  barometer 
consists  of  a  cylindrical  box  of  metal,  with  a  lop  of  thin, 
elastic,  corrugated  metal.  The  air  is  removed  from  the  box. 
When  the  atmospheric  pressure  increases,  the  top  is  pressed 
inwards;  and  when  it  is  diminished  the  top  is  pressed  out- 
wards by  its   own   elasticity   aided   by   a   spring  beneath. 
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These  movements  of  the  cover  are  transmitted  and  multi- 
plied by  a  combination  of  delicate  levers  that  act  on  an 
index  hand  and  cause  it  to  move  either  to  the  right  or  to  the 
left  over  a  graduated  scale.  These  barometerss  are  self-cor- 
recting; that  is,  compensated  for  variations  in  temperature. 
They  are  portable,  occupy  but  a  small  space,  and  are  so  del- 
icate that  they  ar6  said  to  show  a  difference  in  the  atmos- 
pheric pressure  when  transferred  from  a  tabic  to  the  floor. 
They  must  be  handled  with  care,  as  they  are  easily  injured. 
The  mercurial  barometer  is  the  standard. 

It  will  be  observed  that  in  Fig.  3  the  zero  of  the  outer 
scale  docs  not  coincide  with  the  30  mark  on  the  inner  scale^ 
as  would  seem  consistent.  The  reason  for  placing;  the  zero 
opposite  the  ftl  division  is  thus  explained.  The  average  read- 
ing at  sea  level,  or  zero,  is  29.92  inches.  If  the  zero  were 
set  at  30,  therefore,  the  reading  would  be  on  the  scale  part 
of  the  time,  and  off  the  scale  the  remainder  of  the  time, 
according  to  the  variation  of  pressure  while  working  at  sea 
level.  Consequently,  the  zero  is  placed  at  the  highest  read- 
ing obtained  at  sea  level,  which  is  about  31  inches. 

8.  With  air  as  with  water,  the  lower  the  location  the 
greater  the  pressure,  and  the  higher  the  location  the  less  the 
pressure.  At  the  level  of  the  sea,  the  height  of  the  mercu- 
rial column  is  about  30  inches;  at  5,000  feel  above  the  sea,  it 
is  24.7  inches;  at  10,000  feet  above  the  sea,  it  is  20.5  inches; 
at  15,(>00  feet  above  the  sea,  it  is  16.9  inches;  at  3  miles, 
it  is  16.4  inches;  and  at  6  miles  above  the  *sea  level  it  is 
8.9  inches. 

The  heaviness  also  varies  with  the  altitude;  that  is,  a  cubic 
foot  of  air  at  an  elevation  of  5,000  feet  above  sea  level  will 
not  weigh  as  much  as  a  cubic  foot  at  sea  level.  This  is 
proved  conclusively  by  the  fact  that  at  a  hcifiht  of  3i  miles 
the  mercurial  column  measures  but  15  inches,  indicating  that 
half  the  weight  of  the  entire  atmosphere  is  below  that.  It 
is  known  that  the  height  of  the  earth's  atmosphere  is  at 
least  5<)  miles;  hence,  the  air  just  before  reaching  the  limit 
must  be  in  an  exceedingly  rarefied  slate.      It  is  by  means 
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of  barometers  that  great  heights  are  measured.  The  aneroid 
barometer  has  the  heights  marked  on  the  dial,  so  that  they 
can  be  read  directly.  With  the  mercurial  barometer,  the 
heights  must  be  calculated  from  the  reading. 

9,  Atmospheric  pressure  is  everywhere  present  and 
presses  on  all  objects  in  all  directions  with  equal  intensity. 
If  a  book  is  laid  on  the  table,  the  air  presses  on  it  in  every 
direction  with  an  average  force  of  14.7  pounds  per  square 
inch.  It  would  seem  as  if  it  would  take  czonsidcrable  force 
to  raise  a  book  front  the  table,  since,  if  the  size  of  the  book 
were  8  inches  by  5  inches,  the  pressure  on  it  is  8  X  5  X  14.7 
=  58S  pounds;  but  there  is  an  equal  pressure  beneath  the 
book  to  counteract  the  pressure  on  the  top.  It  would  now 
seem  as  if  it  would  require  a  great  force  to  open  the  book, 
since  there  are  two  pressures  of  588  pounds  each,  acting  in 
opposite  directions,  and  tending  to  crush  the  book.  This 
would  be  so  but  for  the  fact  that  there  are  layers  of  air 
between  the  leaves  acting  upwards  and  downwards  with  a 
pressure  of  14.7  pounds  per  square  inch. 

If  two  metal  plates  are  made  as  smooth  and  flat  as  it  is 
possible  to  get  them,  and  the  face  of  one  is  laid  on  the  face 
of  the  other,  so  that  the  air  is  almost  entirely  excluded  from 
between  ihem,  it  will  take  an  immense  force,  compared  with 
the  weight  of  the  plates,  to  separate  them.  This  is  because 
the  full  pressure  of  14.7  pounds  per  square  inch  is  then 
exerted  on  each  of  the  plates  with  no  counteracting  equal 
pressure  between  them. 

If  a  piece  of  flat  gl^ss  be  laid  on  a  flat  surface  that  has 
been  previously  moistened  with  water,  it  will  require  consid- 
erable force  to  separate  them;  this  is  because  the  water  helps 
to  fill  up  the  pores  in  the  flat  surface  and  glass,  and  thus 
creates  a  partial  vacuum  between  the  glass  and  the  surface, 
thereby  reducing  the  counter  pressure  beneath  the  glass. 
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PROPERTIES  OF  GASES 

10.  Pressure  of  <>nse!«. — According  to  modem  and 
now  generally  accepted  theories,  a  gas  consists  of  molecules 
that  are  relatively  far  apart  and  arc  moving  incessantly. 
The  molecules  in  their  motion  fregucnlly  strike  each  other, 
and  those  near  the  walls  of  the  vessel  containing  the  gas 
frequently  strike  the  walls  and  rebound.  It  is  this  continual 
striking  of  molecules  against  the  containing  walls  that  gives 
rise  to  what  we  call  pressure. 

Suppose  that  the  cylinder,  Fig.  4,  contains  any  gas*  as  air. 
There  is  a  definite  number  of    molecules   in   the  enclosed 

space,  all  moving  to  and  fro.  The 
number  of  molecules  striking  any 
portion  of  the  containing  wall  per 
second  remains  on  an  average  the 
same  and  produces  a  constant  pres- 
sure that  is  the  same  at  all  points  of 
the  enclosing  walls.  If  the  piston  be  pushed  into  the  dotted 
position,  the  molecules  are  crowded  closer  together  and, 
provided  that  they  move  with  the  same  average  velocity  as 
before,  more  of  them  must  strike  any  given  part  of  the 
enclosing  walls,  say  I  square  inch,  in  a  given  interval  of  time 
than  in  the  first  case.  This  means  that  the  pressure  is 
greater  in  the  second  case  than  in  the  first. 

Conversely,  if  the  piston  be  moved  to  the  right  so  as  to 
increase  the  space  filled  by  the  molecules,  the  molecules  will 
be  farther  apart  along  the  enclosing  walls  and  each  square 
inch  of  wall  will  receive  fewer  impacts  than  before;  thus 
the  pressure  per  square  inch  will  be  less.  In  general,  there- 
fore, with  a  given  number  of  molecules,  or,  what  is  the  same 
thing,  with  a  given  weight  of  gas,  the  pressure  is  greater 
the  smaller  the  space  into  which  the  gas  is  crowded. 


Fui.  4 


11.     KximiititlvenesH  of  Ghhcb. — No  matter  how  large 

the  enclosing  vessel  may  be,  the  gas  will  fill  it.  Thus,  if 
the  cylinder  in  Fig.  4  is  considered  inilcliniiely  long  and  the 
piston  is  moved  a  great  distance  to  the  right,  the  molecules 


§25 


PNEUMATICS 


9 


will  still  move  in  all  parts  of  the  enlarged  space.    They  will, 
of  course,  be  farther  apart  and  will  move  greater  distances 
before   colliding  with  each 
other;    and    any    part    of    the 
bounding  wall   will  be  struck 
less  frequently. 

If  a  bladder  or  a  football, 
partly  filled  with  air,  is  phiced 
under  a  glass  jar,  called  a 
receiver,  and  the  air  is  then 
exhausted  from  the  receiver, 
the  bladder  or  football  will  im- 
mediately expand,  as  shown  in 
Fig.  5.  The  pressure  beini^ 
removed  from  the  outside  of 
the  bladder  by  exhausting:  the  air  from  the  receiver,  the 
striking  against  the  inner  walls  of  the  bladder  by  the  mole- 
cules of  contained  air  causes  the  bladder  to  distend. 


Pio.  ?> 


12.  Meastireinuiit  of  Pressure. — There  are  two  ways 
of  measuring  the  pressure  of  a  gas;  by  means  of  an  instru- 
ment called  a  umiiunu-ter,  and  by  means  of  a  KiiuKe.  The 
manometer  generally  used  is  practically  the  same  as  a  mer- 
curial barometer,  except  that  the  tube  is 
much  longer,  so  that  pressures  equal  to 
several  atmospheres  may  be  measured; 
and  it  is  enlarged  and  bent  into  a  U  shape 
at  the  lower  end.  Both  lower  and  upper 
ends  are  open,  the  lower  end  being  con- 
nected to  the  vessel  containing  the  ga? 
whose  pressure  it  is  desired  to  measure. 
The  pressure  is  measured  by  the 
change  of  level  of  the  mercury  in  the 
tube.  In  Fig.  6,  suppose  the  pressure  of 
the  gas  is  such  as  to  depress  the  level  of  the  mercury  to  c, 
while  in  the  other  branch  of  the  tube  it  rises  to  b.  Now,  the 
points  a  and  c  being  at  the  same  level,  the  pressure  at  those 
points  must  be  equal.     The  pressure  at  a  is  due  partly  to 


Fl.i.  fl 


10  PNEUMATICS  §25 

the  weight  of  the  column  of  mercury  ab  above  a  and  partly 
to  the  pressure  of  the  atmosphere  on  the  top  of  the  column 
at  b.  In  Art.  3,  it  was  shown  that  1  inch  of  mercury  cor- 
responds to  .49  pound  per  square  inch;  hence,  if  h  denotes 
the  difference  in  level,  in  inches,  between  the  points  b  and  a, 
.49  h  is  the  pressure  per  square  inch  due  to  the  weight  of 
the  column  a  h.  Add  to  this  the  atmospheric  pressure, 
14.7  pounds  per  square  inch,  and  the  total  pressure  at  a, 
and  therefore  at  r.  is  /  =  .49  h  +  14.7.  The  pressure  thus 
obtained  is  the  pr.essure  above  vacuum,  or  the  al>»>oluto 
prc»«iii*o. 

The  ordinary  pressure  gauge  rf,  Fig.  6,  measures  not  the 
absolute  pressure  but  the  (xcess  of  the  pressure  of  the  gas 
over  atmcjspheric  pressure.  The  pressure  thus  measured 
is  called  the  ti;HUK<}  pressure.  Evidently,  the  column  ab 
measures  the  gauge  pressure,  for  since  ;>  =  .49  A  -|-  14.7. 
it  follows  that  .49  h  -  p  —  14,7,  which  is  the  excess  of 
pressure  of  the  gas  over  atmospheric  pressure. 

In  speaking  of  the  pressure  of  a  gas,  the  gauge  pressure 
is  usually  meant;  thus,  to  say  the  pressure  of  steam  in  a 
boiler  is  70  pounds  per  square  inch,  means  that  that  is  the 
pressure  shown  by  the  gauge  and  is  the  excess  of  the  steam 
pressure  over  the  pressure  of  the  atmosphere. 

To  obtain  tlie  absolute  pressure  when  the  gauge  pressure 
is  given,  the  atmospheric  pressure  is  added.  Thus,  if  the 
gauge  pressure  is  70  pounds  per  square  inch,  the  absolute 
pressure  is  70+  14.7  =  84.7  pounds  per  square  inch.  Con- 
versely, the  atmospheric  pressure  is  subtracted  from  the 
absolute  pressure  to  obtain  the  gauge  pressure. 

13.  DnltB  of  Pressure. — Pressures  are  ordinarily 
expressed  in  pounds  per  square  inch.  Thus,  in  speaking  of 
the  pressure  of  steam  in  a  boiler  or  steam  cylinder,  it  is  said 
to  be  6(),  SO,  or  100  pounds  per  square  inch,  as  the  case  may 
be.  Pressures  may  also  be  expressed  \n  pounds  per  square 
foot.  To  reduce  pounds  per  square  inch  to  pounds  per 
square  foot,  multiply  by  144;  thus,  atmospheric  pressure, 
which  is  14.7  pounds  per  square  inch,  is  14.7  X  144  =  2,116.8 
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pounds  per  square  foot.  Conversely,  pressures  per  square 
foot  are  divided  by  144  to  get  pressures  per  square  inch. 

Small  pressures,  such  as  are  produced  by  fans,  are  often 
measured  in  ounces  per  square  inch,  and  sometimes  in  inches 
of  water.  It  has  been  shown  that  a  head  of  1  foot  of  water 
gives  a  pressure  of  .434  pound  per  square  inch,  and  hence 
1  inch  of  water  is  iV  of  .434  =  .0362  pound  per  square  inch 
=  5.2  pounds  per  square  foot. 

Another  unit  of  pressure  is  the  inch  of  mercury^  which 
equals  .49  pound  per  square  inch,  as  explained  in  Art.  3. 
The  relations  between  these  five  units  of  pressure  are  shown 
in  Table  T.     The  pressures  given  in  any  horizontal  line  are 

TABLK   I 
KKI^ATIVK    UNIT    PKKHSURES 


pQunda  per 
Sqaare  Foot 

Pounds  per 
Square  Inch 

Ounces  per 
Square  Inch 

Inches  of 
Water 

Inches  ol 
Mercury 

1 

1 4  4 

\ 

.192 

.0142 

144 
-           9 

1 

16 
1 

27.7 
1.73 

2.04 
.13 

\         5^ 

.0362 

.58 

I 

.074 

70.56 

.49 

7.84 

13.6 

I 

2.1 16.8 

14.7 

235.2 

408  =  34  ft. 

30       . 

the  same,  using  the  units  at  the  tops  of- the  columns.  Thus, 
1  inch  of  water  equals  5.2  pounds  per  square  foot,  equals 
.03f}2  pound  per  square  inch,  equals  .58  ounce  per  square 
inch,  etc.  The  last  line  gives  atmospheric  pressure  expressed 
in  the  various  units.  These  values  deviate  slightly  in  some 
cases  from  the  theoretically  exact  values,  but  they  are  the 
values  generally  used  in  practical  problems. 

£xAUPL£. — The  pressure  o£  the  forced  draft  of  a  marine  boiler  ig 
4.3  inches  of  water;  what  is  tlic  pressure  expressed  in  thu  other  units? 
Solution. —    1  in.  of  water  —  h.'Z  lb.  per  sq.  ft.;  hence, 
/  =  4.3  X  .'i.2  =  22..%  !b.  (M-r  sq.  ft. 
=  4.3  X  .0362  -  .I.'Kjy  lb.  per  sq.  ia. 
=  4.3  X  .08  =  2.494  or.  per  sq.  in. 
«  4.3  X  .074  =  .31B2  in.  of  mercury.    Ans. 
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14,  Temperature. — With  solids  and  liquids  the  tem- 
perature, or  fiohuss^  of  a  body  has  little  or  no  iniiuence  on 
its  behavior,  and  usually  need  not  be  taken  into  account. 
In  the  case  of  £;ascs,  however,  the  temperature  exerts  a 
marked  lunucucc  and  must  always  be  considered. 

Consider  the  cylinder.  Fig.  4,  to  be  filled  with  gas  at  some 
definite  temperature  as  shown  by  a  thermometer.  Now, 
kecpins:  the  piston  in  the  same  position,  let  the  gas  be 
heated,  say  by  a  flame  applied  to  the  cylinder  walls.  The 
gas  will  grow  hotter,  that  is,  the  temperature  indicated  by 
the  thermometer  will  rise;  and  at  the  same  time  it  will  be 
found  that  the  pressure  of  the  gas,  as  shown  by  a  gauge,  will 
also  rise.  Now,  since  the  volume  of  the  gas  has  not  changed, 
there  will  be  the  same  number  of  molecules  per  cubic  inch  as 
before.  But  since  the  pressure  has  risen,  the  number  of 
impacts  in  a  second  must  have  increased,  which  means  that 
the  molecules  are  moving  at  a  greater  speed  than  before. 

According  to  the  modern  theory  of  heat,  the  temperature 
depends  directly  on  the  speed  with  which  the  molecules  of  a 
body  are  moving.  When  the  temperature  of  a  body  rises, 
its  molecules  move  faster;  when  the  temperature  falls,  the 
molecules  move  more  slowly.  This  subject  will  be  treated 
more  fully  in  //cai^  Part  1. 

15.  Al»solvite  Teinpernfiiro.  —  Suppose  that  the  sas  in 
the  cylinder  shown  in  I'ig.  I  is  at  the  temperature  of  melt- 
ing ice,  32°  F.,  and  has  some  defitiile  pressure  denoted  by  p, 
XI  the  gas  is  heated,  so  that  its  temperature  rises  I'',  that 
is,  to  33*^  F.,  the  pressure  will  increase,  provided  that  the 
piston  is  fixed  so  that  the  (fas  cannot  change  in  volume.  It 
has  been  found,  by  experiment,  that  the  change  of  pressure 
is  7^1  of  the  pressure  at  32**;  therefore  the  pressure  at  33° 

is^  +  'flo^  —  ^(l  +  7^)'     If  the  temperature  rises  another 

degree,   that  is.    to  34°  F..   the  pressure  increases  by  the 

same  amount,    .Qq^,  and  at  34°   the  pressure  is  therefore 


PNEUMATICS 


n 


I 


iM.Ma_ 


tSO' 


a   ftl  - 


zioe!. 


I 


Suppose  that  the  pressure  at  32°  is  100  pounds  per  square 
inch;  then  the  rise  of  pressure  for  a  rise  in  temperature  of 
1°  F.  is  100  X  T^  =  .20325  pound  per  square  inch.  If  the 
temperature  of  the  gas  is  raised  to  212°,  the  boiling  point  of 
water,  the  rise  in  temperature  is  212°  -  32°  =  180°,  the 
change  in  pressure  is  .20325  X  180  =  36.585  pounds  per 
square  inch,  and  the  new  pressure  is  100  +  36.585  —  136.5S 
pounds  per  square  inch. 

The  change  of  pressure  during  a  change  of  tempera- 
ture may  be  represented  graphically,  as 
shown  in  Fig.  7.  Through  some  point  a, 
a  vertical  line  is  drawn  and  on  it  are 
marked  points  b,c,ti,  etc..  corresponding 
to  tlie  temperatures  shown.  The  vertical 
line  thus  corresponds  to  a  thermometer 
scale.  From  the  point  b,  which  corre- 
sponds to  32°.  the  horizontal  distance  be 
is  laid  off  to  represent  a  pressure  of 
100  pounds  per  square  inch,  and  from  li, 
which  represents  a  temperature  of  212°, 
df  is  laid  off,  representing  to  the  same 
scale  the  new  pressure  of  136.58  pounds 
per  square  inch. 

Let  /and  e  be  joined  by  a  straight  line; 
then  the  horizontal  distance  between  bd 
and  ^/  at  any  point  gives  the  pressure 
for  the  corresponding  temperature.  The 
point  c,  for  example,  corresponds  to  lOf)*^ 
and  cg^  represents  the  pressure  at  100°  to  the  same  scale  that 
be  represents  100  pounds  per  square  inch. 

If  the  temperature  is  lowered  below  32°  the  presstwe 
decreases  at  the  same  rate;  that  is,  for  each  degree  it 
decreases  ri?  of  the  pressure  at  32°.  Hence,  if  the  line  fe 
is  prolonged,  the  horizontal  lines  below  be  give  the  pres- 
sures for  temperatures  below  32°.  Thus,  ah  represents  the 
pressure  at  0°  and  kl  that  at  -100°.  that  is.  100^  below  0°. 

As  the  temperature  lowers,  the  horizontal  distances  between 
the  lines  grow  smaller,  and  at  m,  where  the  lines  intersect,  the 
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distance  becomes  zero.  This  means  that  if  in  some  way 
the  temperature  cuuld  be  lowered  to  that  represented  by  the 
point  ffi,  the  gas  would  exert  no  pressure  on  the  enclosinj; 
walls.  The  molecules  would  be  motionless  and  would  no 
longer  strike  the  w;l11s,  and  the  gas  would  be  entirely  with- 
out heat.  The  temperature  corresponding  to  m  is  called  the 
HbHoliite  zero  of  tcmpcratnro,  and  temperatures  reckoned 
from  this  zero  as  a  starting  point  are  called  absolute 
teiuiHTaliires. 

Now  let  the  position  of  the  point  m  be  determined.  Start- 
ing at  S^"^.  the  decrease  of  pressure  per  degree  is  xi?  of  the 
pressure  at  '12*^,  For  a  cooling  of  10°,  the  decrease  is  jW; 
for  a  cooling  of  KK)*^,  i^;  and  so  on.  Let  the  temperature 
be  lowered  i^'l''  below  32*^;  tlien  the  decrease  in  pressure 
is  ^^  of  the  pressure  at  32°,  or  the  whole  of  llie  original 
pres.sure.  Hence,  the  gas  exerts  no  pressure  at  4&2°  below 
32°  F.,  and  Uiis  temperature  is  the  absolute  aero  indicated  by 
the  point  m. 

Since  from  A  to  m.  Fig.  7.  is  492°  and  from  d  to  a  is  32°. 
?«  must  be  492°  -  32°  =  460°  below  0°.  Hence,  when  the 
Fahrenheit  scale  is  used,  the  absolute  zero  is  4(50°  below  the 
ordinary  zero,  and  460  must  be  added  to  the  ordinary  tem- 
perature to  obtain  the  corresponding  absolute  temperature. 

Let   /  =  ordinary    temperature   as   given   by   Fahrenheit 
thermometer; 
T  =  corresponding  absolute  temperature.  • 

Then,  7"=    /  +  4(50" 

and  /  =  7'-4«0" 

The  temperature  at  which  water  boils  is  212°.  The  corre- 
sponding absolute  temperature  is  212''  -f  4(i0°  =  072°.  The 
ordinary  temperature  corresponding  to  an  absolute  tem- 
perature of  m)°  is  900°  -  460°  =  440°.  When  the  word 
temperature  is  used  alone,  the  ordinary  temperature  is  meant. 


16.  Cases  and  Vapors. — When  liquids  are  heated  to 
sufficiently  high  temperatures^  they  are  converted  into  gases. 
When  water,  for  example,  is  heated,  it  boils,  giving  off  steam. 
If  the  heating  is  continued  long  enough,  all  the  water  will  be 
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evaporated.  Steam  is  simply  a  gas  formed  by  boiling  water. 
The  water,  however,  does  not  change  immediately  into  a 
perfect  gas.  It  first  takes  the  form  of  vapor,  in  which 
state  it  is  readily  condensed.  As  the  beating  is  continued,  it 
takes  a  more  stable  gaseous  form,  and  eventually  becomes 
a  perfect  gas.  

LAWS  RET.ATING  TO  CHANGE  OF  STATE 

17.  The  state  of  a  gas  is  defined  by  three  things:  pres- 
sure, volume,  temperature.  Suppose  a  given  quantity  of 
gas  has  a  definite  pressure,  volume,  and  temperature.  If 
the  volume  is  changed  either  by  compressing  the  gas  or  by 
permitting  it  to  expand,  either  the  pressure  or  the  tempera- 
ture or  both  will  change  at  the  same  time.  The  change  from 
the  original  to  the  new  pressure,  volume,  and  temperature 
is  called  a  fAiTwjp?  (»/ i/a/c.  If  ^,,3/,,  and  /.denote  the  original, 
and^„?'„and  /,  the  final  pressure,  volume,  and  temperature, 
respectively,  the  gas  is  said  to  change  from  the  slate  ^,,  v„  /, 
to  the  state  p„  i„  /..  The  laws  governing  these  changes  of 
state  are  here  given  and  explained. 
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BOyL.E'S     LAW 

18.  Prt'KHurc*  iinil  Vnlnmi'-or  ii  Ons. — //  //le  tempera* 
lute  of  a  given  qitantily  of  gas  remairrs  Ike  same  and  the  volume 
is  changed,  the  pressure  varies  inversely  as  the  volume. 

This  is  known  as  Boyle's  law.  If  the  piston,  Fig.  4, 
be  moved  to  the  left  until  the  gas  occupies  one-half  of  its 
original  volume,  double  the  number  of  molecules  will  strike 
a  square  inch  of  the  wall  in  1  second,  provided  that  they 
have  the  same  speed  as  at  first;  that  is,  provided  that  the  jras 
remains  at  the  same  temperature;  but  this  means  that  the 
new  pressure  is  double  the  original  pressure.  If  the  piston 
is  moved  still  farther  until  the  new  volume  is  one-third  of 
the  original  volume,  the  new  pressure  will  be  three  times  the 
original  pressure.  If,  on  the  other  hand,  the  piston  is  moved 
to  tlie  right  until  the  new  volume  is  three  times  the  original 
volume,    the    new    pressure    is    one-third    of    the    original 
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pressure:  and  so  on.  This  relation  may  also  be  expressed 
as  follows:  The  volume  of  a  given  quantity  of  gas  at  constant 
temperature  varies  inversely  as  the  pressure. 

Suppose  3  cubic  feet  of  air  to  be  under  a  pressure  of 
60  pounds  per  square  inch  in  a  cylinder  fitted  with  a  movable 
piston;  then,  the  product  of  the  volume  and  pressure  is 
3  X  60  =  180.  Let  the  pressure  be  decreased  to  30  pounds 
per  square  inch;  then  the  volume  will  be  6  cubic  feet,  and 
30  X  6  =  180.  as  before.  Let  the  pressure  be  decreased  to 
7i  pounds  per  square  inch,  the  volume  will  then  be  increased 
to  60  4-  7J  =  8  times  the  original,  or  8  X  S  ==  24  cubic  feet, 
and  24  X  71  =  180.  as  in  the  two  preceding  cases.  It  will 
now  be  noticed  that  if  a  gas  is  enclosed  within  a  confined 
space  and  allowed  to  expand  without  change  of  temperature, 
t/ie  product  of  the  pressure  and  the  corresponding  volume  for  one 
position  of  the  piston  is  the  same  as  for  any  oilier  position  of  the 
piston.  If  the  piston  were  to  compress  the  air,  the  same 
result  would  be  obtained. 

Let/,  and  v,  be  the  original  pressure  and  volume  of  gas,  and 
pt  and  Vi  any  other  pressure  and  corresponding  volume. 
Then,  if  the  temperature  does  not  change. 


A^»  ■=  A  ^i  =  ^  constant  quantity 


(1) 


In  general,  if  ^,,  t',  raid  />„  r,  denote  the  pressures   and 
volumes  for  any  two  states, 

A^.  =  A  P.  (2) 

19.     Graphic  Ileprcspntatloii  of  Iloyle*8  f^aw, — The 

change  of  state  of  a  gas  according  to  Boyle's  law  may  be 
represented  graphically,  as  shown  in  Fig.  R.  On  cross-section 
paper  take  two  section  lines  O/'and  O  /'  intersecting  af  0\ 
let  the  spaces  along  O  P'  represent  volumes,  and  let  those 
along  OP  represent  pressures.  In  the  figure,  one  space  on 
O  Krepresents  1  cubic  foot,  and  on  O  P  a  pressure  of  5  pounds 
per  square  inch.  Where  each  horizontal  line  cuts  OP  is 
marked  the  pressure,  as  .5,  10,  l.'i,  etc..  and  on  the  intersec- 
tions of  the  vertical  lines  with  O  K  arc  marked  the  proper 
volumes  represented  by  the  lines,  as  3,  -/,  ti,  etc. 
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Suppose,  now,  that  the  gas  in  its  original  stale  has  a  pres- 
sure of  50  pounds  per  square  inch  and  a  volume  of  2  cubic 
feet.  This  state  is  repre-  fipP  4 
seated  by  the  point  A,  , 
opposite  50,  on  OP,  and  i 
above  2  on  O  K  The  ; 
product  of  the  pressure  |,9o 
and  volume  is  50  X  2  |  as 
=  100,  and  this  is  the  con-  ^ 
slant  quantity  of  formula 
1  of  Art.  18.  As  the 
volume  increases  to  3,  4, 
6,  etc.  cubic  feet,  the  cor- 
responding pressures  are 
found  as  follows:  Let  ^<. 
and  r,  be  the  initial  pressure  and  volume,  and  p  and  v  the 
pressure  and  volume  at  any  other  point.  Then  fiv  ~  /, r, 
=  60  X  2  =  100. 

For  r  =  3.  ^  X  3  =  100,  or  /  =  ^  =  33|  lb.  per  sq.  in. 

For  r  =  4,  fix  4  =  100,  or  />  =  ^«  =  25    lb.  per  sq.  in. 

For  r  =  b,  fix  5  =  100,  or  /  =*  -^F  =  20    lb.  per  sq.  in. 

For  J'  =  S,  fix  6  =  IQO^oT  p  =  H^  =  16§  lb.  per  sq.  in. 

For  p  =  7,  fix  7  =  100,  or  ^  =  4**  =  14^  lb.  per  sq.  in. 

For  r  =^  8,  fiX  8  =  100,  or  >  =  -HP  =  12i  lb.  per  sq.  in. 

For  r  =  9,  /  X  d  =  100,  or  fi  =  H^  =  lli  lb.  per  sq.  in. 

For  V  =  10,  fix  10  ^  100.  or  ;^  =  W  =  10    lb.  per  sq.  in. 

These  different  states  are  represented  by  the  points  B,  C,  /?, 
etc.;  thus,  for  v  =  5  and  fi  =  20,  find  the  intersection  of  the 
section  line  thronjjh  20  on  <^ /*  and  that  throujih  :'>  on  O  l'\ 
this  is  the  point  J).  A  curve  drawn  thruuKh  these  points,  as 
shown,  will  represent  the  pressures  and  volumes  at  any 
positions. 

In  problems  that  involve  Boyle's  law  and  in  which  for- 
mula 1  of  Art.  18  is  used,  the  pressures  must  be  absolute, 
not  gauge,  pressures.  Throughout  the  remainder  of  this 
Section,  all  pressures  will  be  understood  as  absolute  pres- 
sures unless  the  contrary  is  distinctly  stated. 

173— s 
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2,9  cu.  ft.,  nearly.    Aas. 


>. 


^  46.48  lb.  per  eq.  in. 


20.  The  following  examples  illustrate  the  use  of  Boyle'3 
law,  as  expressed  in  formula  1  of  Art.  18. 

Example  1. — If  10  cubic  feet  of  air  at  atmospheric  pressure, 
14.7  pounds  per  square  inch,  is  compressed  at  constant  temperature 
until  the  gauge  pressure  reaches  30  pounds  per  square  iucb,  what  is 
the  new  volume? 

Solution.— The  orig^inal  pressure  /,  is  14.7,  the  volume  r,  is  10, 
and  the  final  absolute  prtissure  p  is  'Mi  +  14.7  =  IiO.7.  From  the  for- 
mula PV   =  fi,  Z'p, 

p,v.        14.7X10 

p  60.7 

Example  2. — Ad  en^ne  uses  compressed  air.  When  the  flow  of 
air  to  the  cylinder  is  stopped,  the  volume  of  air  in  the  c>-linder  is 
.64  cubic  foot  and  the  pressure  is  t!0  pounds  gauge;  when  the  piston 
reaches  the  end  of  its  stroke  the  air  has  expanded  to  a  volume  of 
l..'{.j  cubic  feet.  If  the  temperature  remains  coDStaut,  what  is  the 
gauge  pressure  of  the  air  at  the  end  of  the  expansloa? 

Solution.— The  initial  altsolute    pressure  p„  is  60  +  14.7  =  74.7, 
Vo  =  .S4,  and  zu  =  1.35.     From  formula  1  of  Art.  18,  /,  r,  =  ^,  t'.,  or 
/-  "x       74.7  X  M 
V,     "        1.35 

This  is  the  abttoluto  presHure:  hence  the  gauge  pressure  is  46.4t) 
—  14.7  =5  31.78  lb.  per  sq.  in.     Ans. 

I  I  Air  Example   3.— A    cylindrical    dtving-betl 

S  feet  high,  shown  in  Fig,  9,  is  lowered 
iDtti  sea-water  until  the  water  rises  in  the 
bell  tu  a  height  of  3  feet  above  the  bottom 
edge  of  the  bell;  what  is  the  depth  of  the 
bottom  of  the  bell  below  the  surface  of  the 
water? 

Solution.— The  head  of  water  above  the 

level  f«  m  of  the  water  in  the  bell  is  (A  —  3)  ft. 
The  weight  of  a  column  of  sea- water  I  ft. 
high  and  I  sq.  in.  in  area  is  .445;  heoce  the 
pressure  at  m  m  per  squore  inch  is  .445 
(A  -  3}  +  14.7,  the  14.7  being  the  atmos- 
pheric pressure  on  the  surface,  which  is 
transmitted  without  loss.  Nmw.  the  original 
pres.sure  of  air  in  the  bell  was  14.7  lb.  per 
sq.  iu.,  and  denotioj;  by  .-1  the  area  in 
square  feet  of  the  horizootat  circular  section 
of  the  bell,  the  original  volume  wasH  W  en.  ft. 
The  air  is  now  compressed  so  that  it  occupies  only  (S  —  3)  .-/  i.u.  ft. 


Pio.  9 
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^  S  A  cu.  ft.     Prom  formulfi  1  of  Art.  18,  the  pressure  it 

>.r,       14.7x8--/       .«  to  ,u 
fi,  =  *-=- ■  =  -~-£-j~     =  23.6'J  lb.  per  aq.  in. 

Since  the  preiuure  of  the  air  on  the  surface  tn  m  inside  the  bell  must 

jtjst  balance   the    upward   pressure  of  the  water,    Mb(h  —  3)  -f  14.7 

=  23.5-\  and 

23.62  -  14.7 


M  - 


.445 


+  3  =  22.82  ft.    Ans. 


GAY-LU88AC*9    LAW 

21.  Pressure  anil  Temperature  of  Gas, — The  law 
of  Gay-Lussae,  or  of  Charles,  is  essentially  that  stated  ia 
Art.  15  and  illustrated  in  Fig.  7.  //  Me  volume  of  a  gas 
remains  constant^  the  inerease  of  pressure  per  degree  rise  in 
temperalute  is  t^t  of  t fie  pressure  at  ifte  temperature  of  melting 
ice,  tfiat  is,  32°  F. 
Let  p,  =  pressure  at  32°  F.; 

p  =  pressure  at  some  other  temperature  t^  F.; 

JT—  t  +  4()0,    absolute    temperature    corresponding    to 

temperature  /; 

32  -|-  460  =  4tt2.  absolute  temperature  of  melting  ice. 

In  raising  the  temperature  from  82"  to  i^ ,  the  change  is 

(/  —  32)  degrees,  and  since  for  each  degree  the  increase  of 

pressure  is  rii  of  p,,^  the  increase  for  (/ —  32)   degrees  is 


/-32 


of  p,\   hence,  p  =  p. 


.  /-32  . 
+  .»»  A 


1  + 


492 

t_-  32  ^  492  +  /-32  ^  /J:  4S0 
492        492        492 


1  + 


/  ~  32^ 

492   > 


and 


^  =  ^  (1) 

Let  p^  and  7".  equal  pressure  and  absolute  temperature  for 
one  state  of  a  gas  and  p,  and  7*.  equal  pressure  and  absolute 
temperature  for  a  second  state  of  the  same  gas;   from  the 

formula  just  given,  ^  =  —',  also  *-  =  — ^. 
equation  by  the  other,  member  by  member, 

A       ''• 


Dividing  one 
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The  following:  statement  of  Gay-Lussac's  law  follows 
from  formulas  1  and  2:  The  vohtme  retnaiyiing  the  same,  the 
pressure  of  a  gas  varies  directly  as  the  absolute  temperature. 

KxAMpMt  I— A  certain  weight  nf  nir  is  he.ntefl  from  WT  to  \4\°  at 
constant  volume:  if  the  initial  absolute  pressure  was  2t]  pounds  per 
square  inch,  what  Is  the  final  pressure? 

Solution.  —    /,  =  20.  7",  =  HO  +  4iK)  -  520,  and  T,  =    H4  -f  -ItX) 

=  0(M;  using  formula  2,  7^  =  ^^,  or 
y  J      (AM 


p. 


"0  X  UM 

"    e*»—  ^  23-23  lb.  i>erKq.  in.,  absolute.     Ans. 


RxAMPLA  2. — If  10  cubic  (eet  of  air  has  a  pressure  of  30  pounds  per 
square  inch,  absolute,  at  a  temperature  of  70°  T.,  to  what  temperature 
must  it  be  raised  in  order  that  the  tinal  pressure  may  be  TiO  puundii 
per  square  Inch,  absolute,  the  volume  being  unchanged? 

Solution.— Here   p,   =   ;iO,  p,  ^  50,  and   T,  -  70  +  •!(«)  =  530. 


From  formula  2, 


30       S.'W 


60 


n- 


r).30  X  TiO 
30 


r. 


,  whence 


=  8834".    t,  =  '/•.  -  •Hia"  =  8831°  -  4«0*'  =  4234"*  F-     Ans. 


P     "f 


COMBINATION    OF    BOALK'S    AXn    GAT-I.TrS9AC*a    LAWS 

22.  PrcMi^iirc,  VoliiinCf  niiil  Ti>iii|n>riiliiro  oT  (i  C<iin. 
Consider  a  certain  weight  of  gas  contained  in  a  vessel,  and 
in  its  first  state  a,  Vis-  10,  let  the  pressure,  volume,  and 
absolute  temperature  be  />.,  -•,,  and  /",,  respectively.  Now, 
keeping  the  temperature  at  /".,  let  the  pressure  and  volume 
change  to  p'  and  T'„  so  that  in  the  state  6  it  is 
p',  Vt,  and  T,.  Finally,  let  the  state  change 
from  /'  to  c  during  which  the  volume  v,  re- 
mains the  same,  but  p'  changes  to  Pt  and  7", 
to  /*,.  Comparing  slate  r  with  state  a,  it  is 
seen  that  pressure,  volume,  and  temperature 
have  chan^^ed. 

There  is  a  relation  between  the  />,,  i',,  and  T,  of  state  a  and 
the  p,,  Vmt  and  Tt  of  state  c.  In  passing  trnm  slate  a  to 
state  6,  the  temperature  remains  constant  und  the  change 
follows  Boyle's  law;  bcucc,  from  furmuU  -,  Art.  18, 

Pi  V,  =  p'v. 
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la  passing:  from  state  ^  to  state  r.  the  volume  is  constant 
and  the  change  is  made  according  to  Gay-Lussac's  law; 
hence, 

A       f. 

From  the  first  equation,  p'  *=  ^^'j  and  ft-om  the  second. 


Vt 


Placing  these  two  values  of  p'  equal   to  each 


other, 


or. 


V,  7, 

Ar.  _  fi,v, 

T,  T,' 

This  formula  is  very  important.  Ft  shows  that  with  a 
given  weight  of  a  gas,  the  quotient  obtained  by  dividing  the 
product  of  the  pressure  and  volume  by  the  absolute  temper- 
ature is  the  same  for  any  state  of  the  gas. 

Example.— A  treiinin  quantity  of  air  has  a  volume  of  40  cubic  feet, 
a  pressure  of  30  pounds  per  square  inch,  absolute,  and  a  temperature 
of  S0°  F-:  the  air  cxpan<]K  until  its  volume  is  56  cubic  feet  and  the 
temperature  falls  to  -M)"  F.  What  is  the  abstjlute  pressure  at  the  end 
of  expansion? 

Solution.— In  the  first  state.  />,  =  :iO,  f,  =  40,  and  T,  =  80  +  4«0 
=  MO.  In  the  second  state,  />,  is  unknown,  v,  =■  56,  and  7*0 
«»  40  +  460  »  500.     Using  the  formula  given  above. 

r,     ^     T,'         540      "     '600 
.W  X  40  X  600 


whence,     ;>,  ^ 


540  X  W 


=  I9.H4  lb.  per  sq.  in.     Ans. 


23.     Kxpnnslnii   at    Cniistniit    PreKSur**. — Let   a   gas 

change  its  state  in  such  a  way  that  the  pressure  remains  the 
same;  then,  in  the  formula  derived  in  Art.  22,  p^  =  ^,  and 
therefore 

:^  =  £•   or  ?^  =  — ' 

That  is.  Me  pressure  remaining  tkt  same,  the  volume  of  a 
given  weight  of  gas  varies  directly  as  the  absolute  temperature. 

ExAMi'LE  — A  quantity  of  gas  having  a  vulunie  of  lt.4  cubic  feet  is 
heated  at  constant  pressure  from  02**  F.  to  SIS'*  K.;  what  is  the  volume 
after  heating? 
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SoLvrroN.—   r.  =»  fl.4.  r,  is  unknown,  7*,  =  62  +  400  «  622,  aod 
7",  =  315  +  400  =  775.     From  !he  above  (ormala, 
6.4       522  6.4  X  776 


9.5  cu.  ft.    Ans. 


24.  Gonerul  Kquutlons. ^Consider  a  unit  weight  of 
gas,  say  1  pound,  and  let  i»  denote  its  volume  in  any  given 
Slate.     Then,  by  the  formula  in  Art.  22, 

T,        r,        t;        t 

where  p„v^,  /"..and/,,?/,,  7",.  etc.  denote  different  states.    The 
quantity  ^=r  is  therefore  a  constant;  that  is,  it  remains  the 


same  for  all  slates  of  the  pound  of  gas. 


Let  /i  denote  this 


constant  quantity;  then,  ^  =  H,  or  pv  =  R  T. 

The  value  of  R  varies  for  different  gases.  For  air,  it  may 
be  determined  if  the  pressure,  volume,  and  temperature  are 
known  at  some  standard  state.  Let  a  pound  of  air  be  taken 
at  atmospheric  pressure  and  at  the  temperature  of  melting 
ice;  the  volume  of  1  pound  of  air  under  these  conditions  is 
12.'1H7  cubic  feet,  the  pressure  is  14.696  pounds  per  square 
inch,  and  the  absolute  temperature  is  400°  +  32°  =  492°. 
Substituting  these  values  in  the  formula  above, 


14.696  X  12.387  ^  RX  492,  or  j?  = 


14.696  X  12.387 
4fl2 


=  .37 


The  exact  values  arc  used  here  because  this  value  for  R  will 
be  u.sed  in  future  problems.  With  this  value  of  /?,  p  in  this 
formula  must  be  expressed  in  pounds  per  square  inch,  and  v 
in  cubic  feet. 

Ex.\MPi.B  1.— WTiat  is  the  volume  of  I  pound  of  air  at  a  pressure 
ol  6.*J  pounds  per  square  inch  absolute  and  a  temperature  of  80*  F.? 

Solution. — The  absolute  temperatun*  is  4wl  +  f«(>  =  &K);  from  the 

formula pv  =  fi  T, 

RT      .37  X  640      „  ,_        ,.      . 
V  =  —7-  = i= —  —  3.17  cu.  ft.    Ad8. 

p  tu 

Example  2.— At  what  Icraperature  will  1  potiud  cf  air  occupy  a 
volume  of  Iti  cubic  feet  at  a  pressure  of  '£1  pounds  per  square  inch 
absolute? 
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Solution .~UstDg  the   formula  given   above,    22  X  16 

22X10 
.37 
fore  9f>1.35°  -  iOCf  - 


whence  T  = 


.37  T, 
=  951.36^.  The  ordiaary  tenaperature  is  there- 
491.35*.    Ans. 


25.     If   the  weight  of   gas  considered  is  not   precisely 
1  pound,  the  formula  iu  Art.  24  is  modified  as  follows: 
Let         G  =  weight  of  jjas,  iu  pounds; 

V  =  volume  of  the  G  pounds,  in  cubic  feet. 

Then  the  volume  of  1  pound  is  — ,  and  this  value  takes  the 

G 

place  of  V  in  the  formula  in  Art.  24.    Thus, 

p^  ^  RT,  andpv  ^  GRT 
G 

EXAMPLS  I.— Id  an  afr  compressor  is  2.7  cubic  feet  of  air  at  & 
pressure  of  54  pnuods  per  square  iDch  gauge  and  a  temperature  of 
210"  F.;  what  is  the  weight  of  the  air? 

■  Solution.— The  absolute  pressure  is  54  +  14.7  =  68.7,  and  the 
absolute  temperature  is  4flO''  +  210*  -  670".  Substituting  in  the  formula 
pv  =  GUT, 

68.7  X  2.7  =  ^  X  .37  X  «70.  or  C  =  ^J ^q^ 


.748  lb.    Ane. 


Example  2. — A  hot-air  balloon  has  a  capacity  of  t.'OO  cubic  feet;  the 
temperature  of  the  air  inside  is  2H0''  F.,  and  of  that  outside  is  70°  P, 
Find  the  weight  of  air  in  the  balloon,  the  weight  of  air  at  70"  di&> 
placed  by  the  buIlcH)n,  an<1  the  lifting  power  of  the  ballonn. 

Solution.— Roth  inside  and  outside  the  balloon  the  pressure  is  that 
of  the  atmosphere,  14.7  lb.  From  the  formula,  the  weight  of  the  hot 
air  is 

^  jft^  _       14.7  X  aoo 

/iT        .37  X  (460  +  280) 


C  = 


=  10.738  pounds 


and  the  weight  of  the  same  volume  of  air  at  70**  is 

_  14.7  X  200  ..^^  , 

^  =  .37X(4<«+TQJ  =  ^^-^  P^""^^ 
The  lifting  power  is  the    dl£FereQce    between   these  weights,  or 
14.992  -  10.738  =  4.264  lb.     Abb. 

26.  Ileuvlneas. — The  heaviness  of  a  gas,  that  is,  the 
weight  of  a  cubic  foot  of  it,  is  tlie  reciprocal  of  the  volume 
of  1  pound.  For  example,  if  1  pound  of  air  has  a  volume  of 
13  cubic  feet,  then  the  weight  of  1  cubic  foot  is  evidently 
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iV  pound.     Let  H  denote  the  henviness,  and  v  the  volume 
of  1  pound,  then 

1    _^  1 


H  = 


.  or  p  = 
V  H 


If  this  expression  for  v  be  subsrituted  for  the  volume  in 
the  formula  in  Art.  22,  the  resulting  equation  is, 


A_ 


(i: 


TJI. 
This  may  be  written 

//.  ^   p.  7\ 
//.        p,  7". 

Let  the  temperature  be  constant;  then,  in  formula  1, 
Tt  =  7*.   and 

^'  =  P'  (2) 

MA 

Let  the  pressure  remain  constant;  then,  in  formula  1, 
p,  =  /,  and 

1^1  =  L  (3) 

Formulas  2  and  3  may  be  expressed,  in  words,  as  follows: 
The  hiai'im'ss  of  a  given  iveight  ot  gas  varies  directly  as  the 
absolute  pressure  when  the  temperature  remains  constant,  and 
inversely  as  the  absolute  temperature  when  the  Pressure  remaifts 
constant. 

Since  -  expresses  the  heaviness  when  the  weight  of  the 

V 

Cas  is  1  pound,  it  is  apparent  that      expresses  the  heaviness 

V 

when  the  weififht  is  greater  or  less  than  1  pound,  G  beingr  the 

weight  of  gas  in  pounds,  and  v  the  corresponding  volume  in 

C  C 

cubic    feet.     Thus,   for   any    states,  //,  =    -,  //,  —  — ,  etc. 

Dividing,  //.  -  M  =  -  ^  -. 


That  is, 
aud 


(4) 
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For  any  chans^e  of  state,  therefore,  the  heaviness  of  a  given 
quantity  of  gas  is  iiivtrsely  as  the  volume. 

Example  1.— The  weight  of  1  cubic  foot  of  air  at  a  lernperatnre  of 
fiO°  F.  and  under  a  pressure  of  one  atmosphere,  or  14,7  pounds  per 
square  inch.  Is  .()7(V4  ponnH;  what  will  be  (he  weight  per  ciilnc  fot»|  if 
the  volume  is  cnmpressed  \intil  the  presKure  is  73  n  potinds  per  square 
inch,  or  five  atmospheres,  the  temperature  stitl  being  tXt"  F.? 

»      ■  •       *  ,.,//,        ^,    .0764        H.7 

Solution.— Applying  formula  2,  y.  =  -    ,  -  ,-.     =  ^  g, 

and.  //,  =  .07fl4  X  5  «  .382  lb.  per  cu.  ft.    Ans. 

ExAUFLK  2.— If  fi.7fl  cubic  feet  of  air,  at  a  temperature  of  60°  F., 
and  a  pressure  of  one  atmosphere  is  compressed  to  tJ.'JTt  cubic  feet,  the 
temperature  rcmuining  the  same,  what  is  the  weight  of  t  cubic  foot  of 
the  compre»;ed  air? 

SoLOTiON.— From  formula  4,  r', //,  =  r.//„  «.75  X  .07W  =  S.aS 
X  //  ■ 

//..?:l5><.0™..o.^,,H.    An.. 


thea, 


27.  HomuKi'iu'uuH  Foi'intiliis. — The  formulas  in  the 
preceding  articles,  except  those  derived  in  Arts.  24  and  25, 
are  humuKt^'Hcotis;  that  is.  they  hold  good  whatever  units 
are  used  for  pressures  and  volumes.  For  volumes,  cubic 
feet,  cubic  inches,  or  cubic  meters  may  be  used;  for  pres- 
siu'es.  pounds  per  square  inch,  pounds  per  square  foot,  inches 
of  water,  or  inches  of  mercury.  However,  the  same  units 
must  be  used  for  both  pressures  and  for  both  volumes;  thus. 
if  /,  is  expressed  in  inches  of  mercury,  p,  must  also  be 
expressed  in  inches  of  mercury;  and  if  r,  is  expressed  in 
cubic  inches,  v,  must  also  be  expressed  in  cubic  inches. 

The  formulas  derived  in  Arts.  24  and  25  are  not  homo- 
geneous. Using  .37  as  the  value  of  R^  the  formulas  hold 
good  only  when  p  is  expressed  in  pounds  per  square  inch, 
V  in  cubic  feet,  and  G  in  pounds.  If  other  units  are  used, 
R  must  have  a  different  value.  Furthermore,  while  the  gen- 
eral statements  of  these  formulas  are  true  for  any  gas,  the 
character  of  the  constant  R  is  such  that,  when  determined, 
it  limits  the  application  of  the  formulas  not  only  to  certain 
units,  but  also  to  a  particular  gas,  while  the  other  formulas 
bold  for  all  gases. 
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Example. — A  quantity  nf  hydroijen  occupies  a  volume  of  60  cubic 
inches  at  a  temperature  of  70"^  when  the  barometer  stands  at  30  inchcK; 
what  volume  will  be  occupied  when  the  temperature  is  44"  and  thi 
barometer  stands  at  29.4  inches? 

SOLUTION. —The  volumes  arc  expressed  in  cubic  inclies  and  the 
preasnreg  in   inches  nl    mercury.    Using  the   formula   in  Art.  2S, 

r^,  and  substituting, 

30X60X604 


7-,  TV 

SO  xeO       2»,4X  P, 
460  +  70  "   460  +  44 


;  hence,  v,  < 


630X29.4 


=  5B.22  cubic  inches. 
Ans. 


EXiLMPLES    FOR    PRACTICE 

1.  A  vessel  contains  25  cubic  feet  of  gas  at  a  pressure  of  18  pounds 
per  square  inch,  absolute;  if  V2!i  additlona!  cubic  feet  of  gas  having 
the  same  pressure  are  farced  into  the  vessel,  what  will  be  the  resulting 
pressure?  Ans.  KM  Ih.  per  sq.  in. 

2.  A  pound  of  air  has  a  temperature  of  VM°,  and  a  pressutr  of 
one  atmosphere;  what  volume  does  it  occupy?  Ans.  14. TS  cu.  ft. 

3.  The  volume  of  steam  in  the  cylinder  of  a  steam  engine  at  cut-off 
is  l.r)5  cubic  feet,  and  the  absolute  pressure  is  U5  pounds  per  square 
inch:  if  the  absolute  pressure  at  the  end  of  the  stroke  is  2^  pounds  |jer 
square  inch,  what  is  the  new  volume,  assuming  that  the  expanding 
steam  follows  Buylc's  law?  Ans.  4.oft  cu.  ft. 


MlXTLfRES    OF    UA8KB 

28.  Dirfnslon  of  Gases. — If  two  liquids  ihai  do  not 
act  chemically  on  each  other  are  mixed  together  and  allowed 
to  stand,  it  will  be  found  that  after  a  time  the  liquids  have 
separated  and  that  the  heavier  has  fallen  to  the  bottom. 
If  two  equal  vessels,  containing  gases  of  different  heaviness, 
are  put  in  communication  with  each  other,  the  gases  will  be 
found  to  have  mixed  in  equal  proportions  after  a  short  time. 
If  one  vessel  is  higher  than  the  other,  and  the  heavier  gas 
is  in  the  lower  vessel,  the  result  will  be  the  same.  The 
greater  the  difference  in  heaviness  of  the  two  gases,  the 
quicker  they  will  mix.  It  is  assumed  that  no  chemical  action 
takes  place  between  the  two  gases.  When  the  two  gases 
have  the  same  temperature  and  pressure,  the  pressure  of  the 
mixture  will  be  the  same;  this  is  evident,  since  the  total 
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volume  has  not  been  chang^ed,  and  unless  the  volume  or 
temperature  changes,  the  pressure  cannot  chance.  This 
property  of  the  mixing  of  gases  is  a  verj*  valuable  one;  for 
if  gases  acted  like  liquids,  carbonic-acid  gas,  the  result  of 
combustion,  which  is  li  limes  as  heavy  as  air,  would  remain 
next  to  the  earth  instead  of  dispersing  into  the  atmosphere, 
and,  in  consequence,  no  animal  life  could  exist. 

29.  Mixture  of  KquHl  VolutneH  of  Gn^es  llnvliiK 
Unequal  PresBures. — If  (wo  gases  having  equal  volumes  and 
ttmperaiureSy  but  differeni  Pressures,  are  mixed  in  a  vfsset  7vhose 
volume  is  equal  to  one  of  the  egital  volumes  of  Ifie  gas,  the  pres- 
s%re  of  the  mixture  will  be  equal  to  the  sum  of  the  two  pressures, 
provided  the  temperature  remains  the  same  as  before. 

Example.— Each  of  two  vessels  contains  3  cubic  feet  of  gas,  sub- 
jected lo  pressure*;  of  40  pounds  and  25  pounds  per  square  inch, 
respectively,  and  ut  a  temperature  of  00°  P.  The  vessels  nre  placed  in 
commuDJcatkm  wit)]  each  other,  and  all  the  gas  is  compressed  into 
one  vessel.  If  the  temperature  of  the  mtxtare  is  also  60°,  what  is 
the  pressure? 

Solution. — According  to  the  rule  just  given,  the  pressure  will  t>e 
40+25  =  65  lb.  per  sq.  tn.  This  may  be  proved  by  applications  of 
Boyle's  law;  thus,  compress  the  gas  whose  pressure  is  2.'>  llj,  persq.  in. 
until  its  pressure  is  40  lb.;  its  volume  may  be  found  thus:  pv  ■=  p^  r,, 
or  25  X  3  =  40  X  f;  whence,  v  =  l.ST.'i  cu.  ft.  l^t  commuuication  be 
established  between  the  two  vessels;  thepresKure  will  evidently  be  40  lb. 
and  the  total  volume  3  +  1.87f>  =  4.87ft  cu.  ft.  If  thia  is  compressed 
until  the  volume  is  Sen.  ft.,  the  temperature  remaining  at  W  through- 
out the  whole  operation,  the  Snal  pressure  may   be   found   by  the 

'focmulft.  ;kf  =  p,v,.    Thus,  40  X  4.875  =  A  X  3,  and  *.  =  ^°  ^  ^'^^^ 

s 

S3  65  lb.  per  sq.  in.,  as  before, 

30.  Mixture  of  Two  Gases  ITttvIner  If^noqnal  Vol- 
umes and  PresHurt's. — Let  r-,  and  px  be  the  volume  and 
pressure,  respectively,  of  one  of  the  gases;  i/,  and  p,  be  the 
volume  and  pressure,  respectively,  uf  the  other  gas;  and  V 
and  P  be  the  volume  and  pressure,  respectively,  of  the 
mixture.     Then,  if  the  temperature  remains  the  same, 

/'r  =  Ai'.  +  ^i;, 
That  is.  if  the  temperahtre  is  constant,  the  product  of  tfte 
pressure  and  volume  after  mixing  is  equal  to  tlic  sum  of  the 
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products  obtained  by  multiplying  tach  volume  by  its  correspond- 
ing pressure  previous  to  mixing. 

ExAMfLH. — Two  gases  of  the  same  temperature,  having  volumes  of 
7  cubic  feet  and  A\  cubic  feet,  and  whose  pressures  are  27  pounds  and 
IR  pounds  per  sqiiarp  inch,  respectively,  are  mixetl  together  in  a  vessel 
whose  volume  is  10  cubic  feet.  The  temperalure  of  the  two  gases  and 
of  the  mixture  being  <iO^  F.,  what  i»  thu  resulting  pressure? 

Solution.— Applying  the  formula  Py  —  p^Vi  +/■&«, 
/'X  10  -  27X7  +  4J  X  18 


'^"'        10 


27  lb.  per  sq.  in.    Ans. 


31.  Mixture  of  T>vo  BodU's  <»f  Air  lliivliif;  l^neniial 
Prys-siirt's,  Voliiiiics,  ami  Tciiipi't-atureH. — U  a  body  of 
air  having  a  temperature  /,,  a  pressure  /,-  and  a  volume  », 
is  mixed  with  another  volume  of  air  having  a  temperature  /„ 
a  pressure  p„  and  a  volume  r,,  to  form  a  volume  (',  having  a 
pressure  P  and  a  temperature  /,  then,  either  the  new  tem- 
perature /,  the  new  volume  F,  or  the  new  pressure /*  may  be 
found,  if  the  other  quantities  are  knovvn,  by  the  following 
formula,  in  which  7*,,  7*„  ami  T  are  the  absolute  tempera- 
tures corresponding  to  /„  /„  and  /; 

T  T,  T^ 

ExAMPr,K. — Five  cubic  feet  of  air  having  a  pressure  of  SO  ppoads 
per  square  inch,  absolute,  and  a  temperature  of  HO"  F.,  is  to  lie  com- 
pressed together  with  II  cubic  leet  of  air  having  a  pressure  of 
21  pounds  per  square  Inch,  absolute,  and  a  temperatvire  of  Ah°  F.,  in 
a  vessel  whose  cubical  capacity  Is  8  cubic  feet;  if  the  resulting  pressure 
Is  45  pounds  per  square  inch,  what  Is  the  temperature  of  the  mixture? 


Solution. — Substituting  in  the  formula, 


45^X_8         /30  X_5       21^  n\ 
T       ^    \    640     "^      50.V    /  '  "^ 

=  Isy.Wi'^,  nearly,  and  / 


r  -y  =  .7S.V2. 


Hence,  T  -■ 
2^.66".    Ana. 


300 

77352 


EXAMPLES   roil   riiACTirp: 

I,  Two  vessels  contain  air  at  pressures  of  fit  niid  S.T  pminds  per 
square  inch,  absolute;  the  voliuin.'  ri(  each  vessel  is  HA7  cubic  feet.  If 
all  of  the  air  in  both  vessels  is  removed  tn  another  vessel,  and  the  new 
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pressure  is  100  pounds  per  square  inch,  absolute,  what  is  the  volume 
of  the  vessel,  the  temperature  being  tlie  same  throughout? 

Ans.  12.11  cu.  ft. 

2.  A  vessel  contalnK  11.83  cubic  feet  of  air  at  a  pressure  of 
Xi.'i  pounds  per  square  inch,  absulutt;;  it  iR  (1esire<1  tn  increase  the 
pressure  to  40  pounds  per  square  inch,  absolute,  by  supplyinsf  air  from 
a  second  vessel  which  contains  19.tt  cubic  feet  of  air  at  a  pressure  of 
60  pounds  per  square  inch,  absolute.  What  will  be  the  pressure  in  the 
second  vessel  after  the  pressure  in  the  first  has  been  raised  to  40  [lounds 
per  square  inch?  Ans.  S.'i.JW  lb.  per  sq.  in. 

3.  If  4.8  cubic  feet  of  air  having  a  pressure  of  ,V>  pounds  per 
square  inch,  absolute,  and  a  temperature  of  170"  is  mixed  with 
13  cubic  feet  having  a  pressure  of  78  pounds  per  square  inch,  absolute, 
nnd  a  temperature  of  ^OTi",  what  must  be  the  volume  of  the  vessel 
containing  the  mixture  in  order  that  the  pressure  of  the  mixture  may 
be  3D  pounds  per  square  inch,  absolute,  and  the  temperature  HO°f 

Ana.  3a.31  cu.  (t. 

PNEUMATIC   MACHINES  AND  DEVICES 


THK  AIK  PITMP 

32.     Action  of  the  Air  Pump. — The  nir  piiniii  is  an 

instrument  for  removing  air  from  an  enclosed  space.     A  sec- 


Fit-.H 


tion  of  the  principal  parts  is  shown  in  Fig.  11,  and  the  com- 
plete instrument  in  Fig.  12.     The  closed  vessel  Ji  is  called 
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the  receiver,  and  the  space  thai  it  encloses  is  that  from  which 
it  is  desired  to  remove  the  air.  The  receiver  is  usually  made 
of  glass,  and  the  edges  are  ground  so  as  to  make  a  perfectly 
air-tight  joint  with  the  plate  on  which  it  rests.  When  made 
in  tlie  form  shown,  it  is  called  a  bell-jar  receiver.  The 
receiver  rests  on  a  horizontal  plate  in  the  center  of  which 
is  an  opening  that  communiLratcs  with  the  pump  cylinder  C 
by  means  of  the  air  passage  /.  The  pump  piston  fits  the 
cylinder  accurately,  and  has  a  valve  K'  opening  upwards.     At 

the  junction  of  the  air 
passage  with  the  cylin- 
der is  another  valve  K, 
also  opening  upwards. 
When  the  piston  is 
raised,  the  valve  V 
closes;  and,  since  no  air 
can  get  into  the  cylin- 
der from  above,  the 
piston  leaves  a  partial 
vacuum  behind  it.  The 
pressure  on  top  of  K 
being  now  partially  re- 
moved, the  pressure  of 
the  air  in  the  receiver 
Ji  causes  r'to  rise;  the 
air  in  the  receiver  then 
expands  and  occupies 
the  space  behind  the 
piston  and  the  space 
in  the  passage  /  and  the  receiver  R.  The  piston  is  now 
pushed  down,  the  valve  ('closes,  the  valve  /*'  opens,  and 
the  air  in  C  escapes.  The  lower  valve  f '  is  sometimes 
supported,  as  shown  in  Fig.  II,  by  a  metal  rod  passing 
through  the  piston  and  fitting  it  tightly.  When  the  piston 
is  raised  or  lowered,  this  rod  moves  with  it.  A  button  near 
the  upper  end  of  the  rod  confines  its  motion  tii  very  narrow 
limits,  the  piston  sliding  on  the  rod  during  the  greater  part 
of  the  msliun. 


Fjo.  u 
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/?  +  /  +  r   is 


hence, 


33.  Deprroes  nnd  Limits  of  KxliniiMlon. — Suppose 
that  the  volume  of  R  and  /  together  is  four  times  that  o£  C, 
and  that  there  are,  say,  20()  grains  of  air  in  R  and  /,  and 
60  grains  in  C,  when  the  piston  is  at  the  lop  of  the  cylinder. 

At  the  end  of  the  first 
stroke,  when  the  piston  is 
again  at  the  top,  50  grains 
of  air  in  the  cylinder  C  will 
have  been  removed,  and 
the  200  grains  in  R  and  / 
will  occupy  the  spaces  R,  t, 
and  C.  The  ratio  between 
die  sum  of  the  spaces  R 
and  t  and  the  total  space 
4. 
5' 
200  + 1=  m)  grains  =  the 
weight  of  air  in  R  and  ( 
after  the  first  stroke.  After 
the  second  stroke,  the 
weight  of  the  air  in  R  and 
i  will  be  200  X  *  X  * 
=  200  X  {{)'  =  200xi* 
=  12H  grains.  At  the  end 
of  the  third  stroke»  the 
weight  will  be  [2fX1  X  (i)"] 
X  t  «  200  x  U)'  =  200 
X  tVs  -  102.4  grains.  At 
the  end  of  »  strokes,  the 
weight  will  be  2(X)  x  (i)". 
It  is  evident  that  it  is  im- 
possible (o  retnovt  all  the  air 
that  is  contained  in  R  and  t 
by  this  method.  It  requires 
an  exceedingly  good  air  pump  to  reduce  the  pressure  of  the 
air  in  ^  to  ^  inch  of  mercury.  When  the  air  has  become 
so  rarefied  as  this,  the  valve  V  will  not  lift,  and  no  more 
air  con  be  exhausted. 
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34.  SprenjcerK  Air  Pump. — In  Fig.  13  is  shown  a 
glass  tube  longer  than  30  inches,  open  at  both  ends,  and 
connected  by  means  of  rubber  tiibinir  with  a  funnel  ,7  filled 
with  mercury  and  supported  by  a  stand.  Mercury  is  allowed 
to  fall  into  this  tube  at  a  rate  regulated  by  a  clamp  at  c. 
The  lower  end  of  the  lube  ai  fits  in  the  flask  li,  which  has  a 
spout  at  the  side  a  littlti  higher  than  the  lower  end  of  cd', 
the  upper  part  has  a  branch  at  x  to  which  a  receiver  R  can 
be  lightly  fixed.  When  the  clan^p  at  c  is  opened,  the  first 
portions  of  the  mercury  that  run  out  close  the  tube  and  pre- 
vent air  from  entering  from  below.  These  drops  of  mer- 
cury act  like  little  pistons,  carrying  the  air  in  front  of  them 
and  forcing  it  out  through  the  bottom  of  the  tube.  The  air 
in  R  expands  to  fill  the  lube  every  time  that  a  drop  of 
mercury  falls,  thus  creating  a  partial  vacuum  in  R,  which 
becomes  more  nearly  complete  as  the  process  goes  on.  The 
escaping  mercury  falls  into  the  dish  //,  from  which  it  can  be 
poured  back  into  the  funnel  from  lime  to  time.  As  the 
exhaustion  from  A'  goes  on,  the  mercury  rises  in  the  tuberrf 
until,  when  the  exhaustion  is  complete,  it  forms  a  continuous 
column  about  30  inches  high. 

This  instnmient  necessarily  requires  a  great  deal  of  time 
for  its  operation,  but  the  results  are  very  complete.  The 
pressure  in  R  has  been  reduced  to  Triou  inch  of  mercury. 
By  the  use  of  chemicals  in  addition  to  the  above,  a  vacuum 
of  TTTo^ainr  inch  of  mercury  has  been  obtained. 


APPAKATUH  «II<)WlN<i   WKKJIIT  ANI>  PUKSSUKK 
<)F  Tin:    ATMOiSrilKKE 

35.  Mufcdoliiit'K  lli'iulsphfrfB.  —  Hy  means  of  the  two 
hemispheres  shown  in  Fig.  14,  it  can  be  proved  that  the 
atmosphere  presses  on  a  body  equally  in  all  directions.  Such 
hemispheres  were  invented  by  Olto  Von  Ciuericke,  of  Magde- 
burg, Germany,  and  are  called  the  Mii«ril*'l»ui'iLr  hem  Ujihoros. 
One  of  the  hemispheres  is  provided  with  a  stop-cock,  by 
which  it  can  be  attached  to  an  air  pump.  The  rims  fit 
accurately  and  are  well  greased,  so  as  to  make  an  air-tight 


§25 


PNEUMATICS 


33 


joint.  As  long  as  the  hemispheres  contain  air.  they  can  be 
separated  with  case;  but  when  the  air  in  the  interior  is  pumped 
out  by  means  of  an  air  pump,  they  can  be  separated  only  with 
great  difficuUy.  The  force  required  to  separate  them  will 
be  equal  to  the  area  of  the  largest  circle  of  the  hemisphere, 
which  is  the  projected  area,  in  square  inches,  multiplied  by 
14.7  pounds.  This  force  will  be  the  same 
in  whatever  position  the  hemisphere  may 
be  held,  thiis  proving  that  the  pressure  of 
air  on  it  is  the  same  in  all  directions. 


36,  The  Welffht  Mftor.— The  pres- 
sure of  the  atmosphere  is  very  clcaHy 
shown  by  means  of  an  apparatus  like  that 
illustrated  in  Fig.  15.  Here,  a  cylinder 
fitted  with  a  piston  is 
held  in  suspension  by  a 
chain.  At  the  top  of  the 
cylinder  is  a  plug  a  that 
can  be  taken  out.  This 
plug  is  removed  and  the 
piston  pushed  up,  the 
force  necessary  being 
equal  to  the  weight  of 
the  piston  and  rod  h, 
until  it  touches  the  cyl- 
inder head.  The  plug  is 
then  screwed  in,  and  as- 
suming that  no  air  is 
left  in  the  cylinder,  the 
piston  will  remain  at 
the   top  tmtil  a  weight 


Fto.  U 
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has  been  hung  on  the  rod.  equal  to  the  area  of  the  piston 
mtiltiplied  by  14.7  pounds.  less  the  weight  of  the  piston  and 
rod.  If  a  force  just  great  enough  to  move  the  piston  down- 
wards were  applied  to  the  rod,  the  .pressure  of  the  air 
I  would  raise  any  weight  less  than  this  to  the  top  of  the 
cylinder. 
ITS— « 
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Suppose  the  weight  to  be  removed,  and  the  piston  to  be 
supported,  say  at  the  middle  of  the  length  of  the  cylinder. 
Let  the  plug  be  removed  and  air  admitted  above  the  piston; 
then,  with  the  piston  in  the  middle  of  the  cylinder,  screw 
the  plug  back  into  its  place;  if  the  piston  be  forced  upwards, 
the  farther  up  it  goes  the  greater  will  be  the  force  necessary 
to  push  it,  on  account  of  the  compression  of  the  air.  If  the 
piston  is  of  large  diameter,  it  will  also  require  a  great  force 
to  pnll  it  out  of  the  cylinder.  For  example,  let  the  diameter 
of  the  piston  be  20  inches,  the  length  of  the  cylinder  36  inches 
plus  the  thickness  of  the  piston,  and  the  weight  of  the  piston 
and  rod  1(K)  pounds.  If  the  piston  is  at  the  middle  of  the 
cylinder,  there  will  be  IH  inches  of  si>ace  above  it  and 
18  inches  of  space  below  it.  The  area  of  the  piston  is 
20' X  .7854  =■  31-1.16  square  inches,  and  with  the  atmos- 
pheric pressure  on  it,  there  will  be  314.16  x  H.7  =  4,618 
pounds,  nearly,  pressing  on  each  side  of  the  piston.  In 
order  to  hold  the  piston  central,  an  upward  force  of 
100  pounds  must  be  exerted  to  balance  the  weight  of  the 
piston  and  rod.  In  order  to  move  the  piston  upwards 
9  inches,  reducing  the  volume  one-half  and  doubling  ihe 
pressure,  the  upward  pressure  on  it  must  be  twice  the  atmos- 
pheric pressure,  plus  100  pounds,  provided  that  the  tempera- 
ture remains  constant.  The  total  upward  force  is  therefore 
2  X  4,618  +  100  =  9,336  pounds.  The  force  in  excess  of 
that  of  the  atmosphere  necessary  to  cause  the  piston  to  move 
upwards  9  inches  will  then  be  9,336  —  4,618  =  4,718  pounds. 

Now  suppose  the  piston  to  be  moved  downwards  until  it 
is  just  at  the  point  of  being  pulled  out  of  the  cylinder.  The 
volume  above  it  will  then  be  twice  as  great  as  before,  and 
the  pressure  one-half  as  great,  or  4,618  -^  2  =  2,309  pounds. 
The  total  upward  pressure  will  be  the  pressure  of  the  atmos- 
phere, or  4,618  povmds.  The  force  necessary  to  pull  the 
piston  downwards  to  this  point  will  be  the  difference  between 
the  total  upward  pressure  and  the  downward  pressure  due 
to  the  pressure  inside  the  cylinder  and  the  weight  of  the 
piston  and  rod.  This  gives  the  force  necessary  to  pull 
the  piston  down  as  4,6IS  -  {2,309  +  100)  =  2,209  pounds. 
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37.     The    Baroscope. — The    buoyant    effect    of    air   is 

very  clearly  sbown  by  means  of 

an  instrument  called  the  buro- 

Hcope,   shown   in   Fig.  16.      It 

consists  of  a  scale  beam,  from 

one  extremity  of  which  is  sus- 
pended   a    small    weight,    and 

from  the  other  a  hollow  copper 

sphere.     In    air,    they    exactly 

balance  each   other;   but  when 

placed  under  the  receiver  of  an  __ 

air  pump  and  the  air  exhausted,    ^j)p™"*^'"^  fii   ^" 

the  sphere  sinks,  showing  that 

it    is    really    heavier    than    the 

small  weight.     Before  the  air  is  ^''i-  '^ 

^exhausted,  each  body  is  buoyed  up  by  the  weight  of  the  air 
it  displaces,  and  since  the  sphere  dis- 
places the  more  air,  it  loses  more  weight 
by  reason  of  this  displacement  than  the 
small  weight.  Suppose  that  the  volume 
of  the  sphere  exceeds  that  of  the  weight 
by  10  cubic  inches;  the  weight  of  this 
volume  of  air  is  3.1  grains.  If  this 
weight  is  added  to  the  small  weight,  it 
will  overbalance  the  sphere  in  air,  but 
will  exactly  balance  it  in  a  vacuum, 

38.     The    CartpRlan'  Diver.— The 

device  shown  in  Fig.  17  illustrates  the 
elasticity  of  air  and  the  transference  of 
pressure  in  all  directions  in  water.  It  is 
called  the  Curteslan  diver  and  consists 
'if  a  glass  jar  nearly  filled  with  water, 
having  a  rubber  bulb  at  the  top  filled  with 
air.  The  image  in  the  jar  is  made  of 
glass  and  is  hollow,  the  weight  being 
less  than  that  of  an  equal  volume  of 
water,  so  that  it  will  float  at  the  top  of  the  jar.    The  tail 
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of  the  image  has  a  hole  in  it,  the  water  being  prevented 
from  getting  inside  of  the  image  by  the  pressure  of  the  air  ■ 
within  it.     If   the   bulb   is   squeezed,   the  air  in   it   will   be 
forced  out,  creating  a  pressure  on  the  water  which,   being 
transferred  in  all  directions,  canses  the  water  to  Sow  into  ■ 
the  tail  of  the  image,  compressing  the  Hir  inside  and  thus 

causing  it  to  fall  to  the  bottom 
of  the  jar.  When  the  pressure 
on  the  bulb  is  released,  the  air 
flows  back  into  the  bulb,  the 
pressure  on  the  water  is  re- 
moved, and  the  air  within  the 
image  expands;  the  image  again 
becoming  lighter  than  water, 
rises  to  the  top  of  the  jar. 

39.  tl  o r o  >  s  F o  11  n  t  H I II . 
nero*s  fomitntii  derives  Its 
name  from  its  inventor.  Hero, 
who  lived  at  Alexandria  about 
120  B.  C.  It  depends  for  its 
operation  on  the  elastic  prop- 
erties of  air.  It  is  shown  in 
Fig.  18  and  consists  of  a  brass 
dish  A  and  two  glass  globes  B 
and  C.  The  dish  communicates 
with  the  lower  part  of  the  globe 
Cby  a  long  tube  D,  and  another 
tube  /i  connects  the  two  globes. 
A  third  tube  passes  through  the 
dish  .!  to  the  lower  part  of  the 
globe  B.  This  last  tube  being 
taken  out,  the  globe  B  is  partially  filled  with  water;  the  ttibe 
is  then  replaced  and  water  is  poured  into  the  dish.  The  water 
flows  downwards  through  the  tube  D  into  the  lower  globe, 
and  expels  the  air,  which  is  forced  into  the  upper  globe.  The 
air  thus  compressed  acts  on  the  water  and  makes  it  shoot  out 
through  the  shortest  tube  in  the  form  of  a  jet,  as  represented 
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in  the  figure.  Were  it  not  for  the  resistance  of  the  atmos- 
phere and  friction,  the  water  would  rise  to  a  height  above 
the  water  in  the  dish  equal  to  the  difference  of  the  level 
of  the  water  in  the  two  globes. 


^nr 


r  THE    SIPHOIf 

40.  The  Principle  of  the  Siphon. — The  action  of  the 
siphon  illustrates  the  cflEect  of  atmospheric  pressure.  The 
siphon  is  simply  a  bent  tube  with  branches  of  unequal  length 
open  at  both  euds,  and  is  used  to  convey  a  liquid  from  a 
higher  point  to  a  lower  one,  over  an  intermediate  point  higher 
than  either.  In  Fig.  19,  a  and  6  are  two  vessels,  6  being 
lower  than  a,  and  a£d  is  the  bent  tube  or  siphon.  Suppose 
this  tube  to  be  filled  with  water  and  placed  in  the  vessels, 
as  shown,  with  the  short  branch 
ac  in  the  vessel  a.  The  water  will 
flow  from  the  vessel  a  into  the 
vessel  d,  so  long  as  the  level  of  the 
water  in  d  is  below  the  level  of 
the  water  in  a,  and  the  level  of  the  ^rK 
water  in  a  is  above  the  lower  end  of  W- 
the  tube  ac.  The  atmospheric  pres- 
sure on  the  surfaces  of  a  and  b  tends  {\ 
to  force  the  water  up  the  tubes  ac 
and  dc.  When  the  siphon  is  filled 
with  water,  each  of  these  pres- 
sures  is    counteracted   in   part   by 

e  pressure  of  the  water  in  that 
iranch  of  the  siphon  which  is  im- 
mersed in  the  water  on  which  the 
pressure  is  exerted.  The  atmospheric  pressure  opposed 
to  the  weight  of  the  longer  column  of  water  will,  there- 
fore, be  resisted  with  greater  force  than  that  opposed  to 
the  weight  of  the  shorter  column;  consequently,  the  pres- 
sure exerted  on  the  shorter  column  will  be  greater  than  that 
on  the  longer  column,  and  this  excess  pressure  will  produce 
motion. 


-^ 
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Let  hi.  —  d(  =  vertical  distance,  in  feet,  between  surface 

of  water  in  b  and  highest  iK>int  of  center 

line  of  tube; 
k,  ~  ec  =  distance,  in  feet,  between  surface  of  water 

in  a  and  highest  point  of  center  line  of 

tube. 

The  downward  pressure  at  the  level  &e  due  to  the  head  ct 
is  .434  h,  pounds  per  square  inch,  while  the  upward  pressure 
due  to  the  atmospheric  pressure  on  the  surface  a  is  14.7  pounds 
per  square  inch;  then,  the  net  upward  pressure  per  square 
inch  is  (14.7  —  ,434  A.)  pounds.  Similarly,  at  the  level  *rf  the 
net  upward  pressure  per  square  inch  is  (14.7  —  .434A,)  pounds. 
The  water  column  acb  is  urged  from  a  toward  *  by  a 
force  of  (14.7  —  .434  A.)  pounds  per  square  inch  and  in  the 
opposite  direction  by  a  force  of  (14.7  —  ,434  A,)  pounds 
per  square  inch.  The  difference  between  the  forces  is 
(14.7-  .434  A.) -(14.7  -  ,434  A.)  =  .434 (A.  -  //,)  pounds  per 
square  inch  and  since  the  upward  force  at  a  is  the  greater, 
the  water  moves  from  a  toward  b,  that  is,  upwards  in  the 
shorter  column  and  downwards  in  the  longer.  The  net 
head  (//.  —  //,)  producing  the  flow  is  d  e,  the  diflFercnce 
between  the  level  of  the  surface  of  the  water  in  the  two 
vessels. 

It  will  be  noticed  that  the  short  column  must  not  be  higher 
than  34  feet  for  water,  or  the  siphon  will  not  work,  since  the 
pressure  of  the  atmosphere  will  not  support  a  column  of 
water  that  is  higher  than  3-1  feet;  28  feet  is  about  the  greatest 
height  at  which  a  siphon  will  work  well. 


41.  Tntfrmlttont  Sprlnjrs. — Sometimes  a  spring  is 
observed  to  flow  for  a  time  and  then  cease;  then,  after  an 
interval  to  flow  again  for  a  time.  The  generally  accepted 
explanation  of  this  is  that  there  is  an  undergruund  reservoir 
fed  with  water  through  fissures  in  the  earth,  as  shown  in 
Fig.  20.  The  outlet  for  the  water  is  shajred  like  a  siphon, 
as  shown.  When  the  water  in  the  reservoir  reaches  the  same 
point  as  the  highest  point  of  the  outlet,  it  lluws  nut  until  the 
level  of  the  water  in  the  reservoir  falls  below  the  mouth  of 
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the  sipbon,  the  water  flowing  out  of  the  reservoir  Faster  than 
it  is  supplied  to  it.     This  flow  then  ceases  until  the  water  in 
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tne  reservoir  has  again  reached  the  level  of  the  highest  point 
of  the  siphon. 

AIR  COMPKESSOK8 

42a  For  many  purposes,  compressed  air  is  preferable 
to  steam  or  any  other  gas  for  use  as  a  tootive  power.  In 
such  cases,  air  compressors  are  used  to  compress  the  air. 
These  are  made  in  many  forms,  but  the  most  common  one 
consists  of  a  cylinder,  called  the  arr  cylinder^  placed  in  front 
of  the  crosshead  of  a  steam  engine,  so  that  the  piston  of  the 
air  cylinder  can  be  driven  by  attaching  its  piston  rod  to  the 
crosshead,  in  a  manner  similar  to  a  direct-acting  steam  pump. 
A  cross-section  of  the  air  cylinder  of  a  compressor  of  this 
kind  is  shown  in  Fig.  21,  in  which  a  is  the  piston  and  b  is 
the  piston  rod,  driven  by  the  crosshead  of  a  steam  engine 
not  shown  in  the  figure.  Roth  ends  of  the  lower  half  of  the 
cylinder  are  fitted  with  inlet  valves  d  and  d\  which  allow  the 
air  to  enter  the  cylinder,  and  both  ends  of  the  upper  half  are 
fitted  with  discharge  valves  /and  /',  which  allow  the  air  to 
escape  from  the  cylinder  after  it  has  been  compressed  to  the 
required  pressure. 


the  springs  i  lo  force  the  inlet  valves  (f  in  the  right-hand 
end  of  the  cylinder  to  their  seats.  In  the  right-hand  end  of 
the  cylinder,  the  discharge  valves  P  are  opened  when  the 
pressure  of  the  air  in  the  cylinder  is  great  enough  to  over- 
come the  resistance  of  the  light  springs/  and  the  pressure 
of  the  air  in  the  passages  leading  to  the  discharge  pipe  A, 
and  the  discharge  valves  /  are  pressed  against  their  scats  by 
the  springs  e  and  the  pressure  of  the  air  in  the  passages. 
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Suppose  that  it  is  desired  to  compress  the  air  to  69  pounds 
per  square  inch,  and  it  is  necessary  to  find  at  what  point  of 
the  stroke  the  discharge  valves  will  open.  Now.  59  pounds 
per  square  inch  is  equal  to  a  pressure  of  four  atmospheres. 
that  is,  four  times  the  pressure  of  the  atmosphere,  very 
nearly;  hence,  when  the  pressure  in  the  cylinder  becomes 
great  enough  to  force  air  out  through  the  discharge  valves, 
the  volume  must  be  one-quarter  of  the  volume  at  atmospheric 
pressure,  or,  the  valves  will  open  when  the  piston  has 
traveled  three-quarters  of  its  stroke,  provided  that  the  air  is 
compressed  at  constant  temperature.  The  air,  after  being 
discharged  from  the  cylinder,  passes  out  through  the  delivery 
pipe  A,  and  is  then  conveyed  to  its  destination. 

When  air  or  any  other  gas  is  compressed  its  temperature 
rises-  For  high  pressures,  this  rise  of  temperature  becomes 
a  serious  consideration,  for  two  reasons:  (1)  When  the  air 
is  discharged  at  a  high  temperature,  the  pressure  falls  con- 
siderably when  it  is  cooled  down  to  its  normal  temperature, 
and  this  represents  a  serious  loss  in  the  economical  working 
of  the  machine.  (2)  The  alternate  heating  and  cooling  of 
the  compressor  cylinder  by  the  hot  and  cold  air  is  very 
destructive  to  it,  and  increases  the  wear  to  a  great  extent. 
To  prevent  excessive  heating,  cooling  devices  are  resorted 
to.  the  most  common  one  being  the  so-called  water-jacket. 
The  cylinder  walls  arc  hollow,  as  shown  in  Fig.  21;  the  cold 
water  enters  this  hollow  space  in  the  cylinder  wall  through 
the  pipes  k.  k,  flows  around  the  cylinder,  and  finally  passes  out 
through  the  discharge  pipe  /.  Much  uf  the  heat  generated 
by  the  compression  of  the  air  passes  through  the  cylinder 
walls  and  is  absorbed  and  carried  o6f  by  the  water;  thus  the 
temperature  of  the  air  does  not  rise  to  the  point  at  which  it 
will  be  seriously  detrimental. 
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FLOW  OF   WATER 


FUNDAMENTAL    rRIXCIPLES 

1.     Flow   In   a   P!i>e  of    ITnlforin    DInnieter. — When 

water  flows  through  a  pipe  of  uniform  cross-section,  the 
quantity  passing  any  section  in  a  given  interval  of  lime 
depends  on  the  area  of  the  cross-section  and  the  velocity 
with  which  the  water  moves.  It  is  usually  assumed  Uiat  all 
the  par^jcles  of  water  have  the  same  velocity;  but  if  they 
have  different  velocities  the  mean  or  average  may  be  taken 
as  the  velocity  of  the  flow. 

Let    A  =  area  of  cross-section  of  pipe,  in  square  feet; 
V  =  mean  velocity  of  flow,  in  feet  per  second; 
Q  =  quantity,  in  cubic  feet,  flowing  past  any  section 
in  1  second. 
Evidently,  the  quantity  Q  is  equal  to  the  volume  of  a  column 
whose  base  is  the  area  A  and  whose  height  is  equal  to  v;  hence, 

Q  =  Av         (1) 

(2) 


-'. 


Example. — With  a  velocity  of  8  feet  per  second,  what  quantity  of 
water  will  be  dtschnrgcd  by  a  H-inch  pipe:  (a)  in  1  wcond?  (6)  in  lliour? 


Solution. —(a)  The  area  yJ  is  — 


854  X  3* 


144 


sq.  (t.;  hence, 


At 


.(S.M  X  ?•  ^  j^  ^    ^^^  ^,^    j^    p^^  ^^^ 


14-1 
The  flow  per  hour  is 

.3927  X  eO  X  (KJ  =  1,413.7  cu.  ft. 


Ads. 


Anfi. 
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2.  Flow  In  n  Pipe  of  Varying:  Diameter. — Since 
water  is  practically  incompressible,  the  quantity  flowing  past 
any  section  must  be  the  same  as  the  quantity  flowing  past  any 
other  section  in  the  same  interval  of  time,  provided  that  the 
pipe  is  full  of  water.  Hence,  if  the  cross-section  of  the  pipe 
varies,  the  velocity  also  must  vary.  Where  the  cross-sec- 
tion is  least,  the  velocity  is  greatest;  and  where  the  cross- 
section  is  greatest,  the  velocity  is  least.  If,  therefore, 
At,  Am,  A,  denote  the  areas  of  successive  cross-sections 
and  f ,,  v„  V,  denote  the  corresponding  velocities,  then 
Q  =  AiVi\  Q  —  A,Vt,  and  Q  =  A»v,;  hence, 
A,  V,  =  A,  J',  =  A^  V, 

Assuming  that  the  pipe  always  remains  full,  it  appears 
that  the  velocities  at  various  sections  of  the  pipe  vary 
inversely  as  the  areas  of  those  sections. 

EXAMPr.R.— The  velocity  through  a  part  of  a  pipe  that  is  3  inches 
in  diameter  is  S  feet  per  second,  (a)  What  is  the  velocity  throujfh  an 
enlarged  part  uf  the  pip«  whose  diameter  is  4  inches?  (A)  What  is  the 
velocity  through  a  valve  thai  has  an  opening  of  3^  square  inches? 

Solution. — (a)  Since  this  formula  applies  when  the  «rcas  ar« 
expres*;ed  in  square  inchcR,  Ai  =  .7851  X  3*.  At  =  .78M  X  4*,  f  i  =s  6. 
Substituting  these  values  in  the  formula, 

V,  X  .7864  X  4'  =  5  X  .7864  X  3' 

As  the  common  factor  .7861  cancels. 


V, 


fix^ 


2.812fi  ft.  per  RBc.     Aas. 


<*) 


Vt  X  J1.6  =  5X  ."«54  X3' 


or 


Sii^;^  >!.»., „.«„8  ft.  p,,««. 
9.0 


Ans. 


8.     Internal     Tressurc     of    Flowing     Water, — The 

reservoir  a.  Fig.  1,  is  connected  with  a  second  reservoir  d 
by  a  bent  pipe  of  varying  cross-section.  In  the  first  place, 
suppose  the  lower  end  of  the  pipe  to  be  closed  so  that  there 
is  no  flow.  The  water  in  a  and  in  the  pipe  bcin^  at  rest, 
the  pressure  at  any  section  of  the  pipe  is  determined  by 
the  principles  of  hydrostatics.  Thus,  at  the  section  *,  the 
level  f  </  of  the  water  in  a  is  at  a  distance  //:  above  the  center 
of  the  section,  and  the  i:aug:e  pressure  of  the  water  at  that 
point  is  therefore  .431  A,  pounds  per  square  inch,  when  A,  is 
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expressed  in  feet.  For  example,  if  a  section  of  the  pipe  is 
10  feet  below  the  level  cii,  the  gauge  pressure  at  that  sec- 
tion is  .434  X  10  =  4.34  pounds  per  square  inch.  To  obtain 
the  absolute  pressure,  the  pressure  of  the  atmosphere, 
14.7  pounds  per  square  inch,  must  be  added  to  the  gauge 
pressure. 

Let  a  small  tube  /„  open  at  both  ends,  be  screwed  into 
the  pipe  at  5,;  when  no  water  flows  from  the  reservoir  a  to 
the  reservoir  b  the  water  will  rise  in  this  tube  to  the  level  cd, 
and  the  height  //,  of  the  water  in  the  tube  therefore  measures 


f, 
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the  gauge  pressure  of  the  water  at  the  section  s,.  Similarly, 
if  tubes  /.  and  /,  are  screwed  into  the  pipe  at  the  sections 
St  and  jf,,  respectively,  the  water  will  rise  in  these  to  the 
level  cd,  and  the  heights  A,  and  //,  wnll  measure  the  gauge 
pressures  at  these  points. 

The  distances  A,,  /i,,  and  A,  are  called  the  hydrostatic 
heads  on  the  sections  s,,  s,,  and  s„  and  the  horizontal 
line  cd,  to  which  the  water  in  the  tubes  will  rise  when  no 
water  flows,  is  called  the  hydrostatic  level. 

When  the  water  is  flowing  from  the  vessel  a  to  the  vessel  A, 
it  will  be  found  that  the  water  in  the  tube  /,  has  a  height  y„ 
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which  is  less  than  /i.;  and  likewise,  in  the  tubes  /,  and  /,.  the 
height  y»  is  less  than  A,  and  y^  is  less  than  A,.  The  decrease 
in  height  is  found  to  be  greatest  in  the  tube  /,  inserted  at  j„ 
the  smallest  section,  and  is  least  in  the  tube  /,  inserted 
at  j„  the  largest   section. 

The  heights  >■.,  y„  and  y,  measure  the  gauge  pressures  at 
the  sections  j,,  i,,  and  j,,  respectively,  and  are  called  the 
prcfisnre  hfuds  on  those  sections. 

In  the  case  of  water  flowing  in  a  pipe,  the  pressure  head  at 
any  section  is  /ess  than  the  hydrostatic  head,  and  the  difference 
between  tfte  two  is  greater  the  smaller  the  section  or  the  greater 
the  velocity  of  /low. 


4.  KiierfiO'  "f  w  Mnws  of  Flowlnjr  Water. — Consider  a 
mass  of  water  flowing  in  the  pipe  of  Fig.  1.  The  mass 
possesses  a  certain  amount  of  onergyt  that  is,  it  is  capable 
of  doing  a  definite  amount  of  work,  and  this  energy  is  com- 
posed of  the  three  factors,  kinetic  energy,  energy  due  to 
pressure,  and  potential  energy. 

1.  Kinetic  Energy. — If  the  mass  weighs  G  pounds  and  has 
a  velocity  of  v  feet  per  second,  the  amount  of  the  kinetic 

energy  is  ~-  foot-pounds,  in  which  g  is  equal  to  32.16,  the 

acceleration  due  to  gravity. 

2.  Energy  Due  to  Pressure. — The  mass  of  water  possesses 
some  energy  because  of  its  internal  fluid  pressure.     To  esti- 
mate the  amount  of 


this  energy,  proceed 
as  follows:  Suppose 
the  water  to  enter  a 
cylinder  a,  Fig.  2, 
from  a  reservoir,  ^, 
and  to  push  against 
a  piston  on  the  other 
side  of  which  is  at- 
mospheric pressure. 
I-et  p  denote  the  .tb- 
solute  pressure,  In  ]>ininds  per  square  inch,  of  the  water  against 


Kl<;.  2 


1 

1 
I 

I 
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the  piston.  When  the  piston  has  moved  to  the  end  of  its 
stroke,  let  the  water  in  the  cylinder  be  shut  off  from  the  reser- 
voir and  opened  to  the  atmosphere;  the  pressure  of  the  water  in 
the  cylinder  will  then  Ije  that  of  the  atmosphere — 14.7  pounds 
per  square  inch.  If  .'/  denotes  the  area  of  the  piston,  in 
square  inches,  the  total  net  pressure  urging  the  piston  to 
the  left,  during  ihe  stroke,  is  .-/  {p  —  14.7);  hence,  the  work 
done  is  ^  /  (^  —  14.7)  foot-pounds,  when  /  denotes  the  length 
of  the  stroke  of  the  piston,  in  feel.  The  motion  is  assumed 
to  take  place  very  slowly,  so  that  there  is  practically  no 
change  in  the  kinetic  energy  of  the  water;  and  as  the  water 
remains  at  Ihe  same  level,  there  is  no  change  of  potential 
energy;  hence,  the  work  done  is  equal  to  the  energy  given 
up  by  the  cylinder  of  water  when  its  pressure  is  decreased 
to  that  of  the  atmosphere. 

Now  /  —  14.7  is  the  gauge  pressure  of  the  water,  and  if 
y  denotes  the  prewsure  head,  in  feet,  corresponding  to  the 


Further,  since  —  is  the 
144 


gauge  pressure,  p  —  14.7  =  .434  y. 

A  I 
area  of  cylinder,  in  square  feet.  — -  is  the  volume  of  cylinder, 

144 


in  cubic  feet,  and 


fy^  X  62.5  =  .434  W/  is  the  weight  of 

144 

water  in   the   cylinder.     Let    G  denote '  this  weight;   then 

c 

.434  Al  =  G,  or  A  /  =  -      .     Now,  substituting  the  values 


thus  found  for  the  terms  ;^  —  14.7  and  A  I,  in  the  expression 
A  i  (p  ~-  14.7),  the  energy  due  to  pressure  is 
G 


.434 


X  .434  y  —  Gy  foot-pounds 


The  pressure  energy  o(  a  weight  G  of  water  is  therefore  equal 
to  the  product  of  the  weight  and  the  pressure  head. 

3.  Potential  Energy. —  If  the  water  is  elevated  a  distance 
e  feet  above  some  assumed  datum  line  fg.  Fig.  1,  it  has  a 
potential  energy  due  to  its  positian.  A  datum  tine  is  a  refer- 
ence line  from  which  measurements  are  taken,  and  is  usually 
assumed  at  the  most  convenient  point  for  taking  such 
measurements.  ,  The  amount  of  this  potential  energy  is  the 
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work  that  would  be  required  to  raise  the  weight  G  through 
a  height  e  feet,  or  Ge  foot-pounds. 

The  Ma/  eturjiy  of  the  water  is  the  sum  of  these  three 
energies;  denoting  it  by  E, 

^^Gy^G.^G(^^^^y^^ 


E  = 


6.  Kqnatlou  of  Enorpry. — If  the  flow  through  the  pipe 
shown  in  Fig.  1  is  assumed  to  be  frictionless,  the  energy  of 
a  mass  of  water  passing  any  section  must  be  the  same  as 
the  energy  in  passing  any  other  section.  The  energy  of 
1  pound  of  water  at  the  section  jr„  with  the  velocity  *,  is 


Vx 


(1) 


^•-|^  +  ^-  +  ^- 


For  the  section  j„  where  the  velocity  is  »,,  the  energy  is 

(2) 

For  the  section  ;„  it  is 

A.  =  ^  +  y,  +  ^.  (3) 

Now,  /t,  =  /it  ~  E„  since  no  energy  is  lost  in  doing  work 
against  friction;  hence, 


|.  +  ^.  +  ,..|.  +  ,,  +  ,..^^  +  ^,  +  ,, 


(4) 


It  will  be  observed  that  y  and  e  are  distances  or  heights. 
To  the  height  e  of  the  water  above  the  assumed  datum  line, 
the  name  |>uteiitlul  lieail  is  given.     It  is  apparent  that  the 

V* 

quantity  —-  may  also  represent  a  height;  in  fact,   it  is  the 

height  that  a  body  will  rise  when  projected  upwards  with  an 
initial  velocity  v.  To  this  quantity,  therefore,  the  name 
velocity  hciid  is  given. 

According  to  formula  4,  in  frictionless  steady  flow,  the 
sum  of  the  velocity  head,  pressure  head,  and  potential  head 
is  the  same  at  all  sections  of  the  pipe.  This  statement  is 
known  as  UcriioiillPs  law. 

6.  The  Velocity  Head. — I-et  /;,,,  Fig.  1.  denote  the 
height  of  the  water  level  c  d  above  the  datum  line  fg.     One 
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pound  of  water  at  the  level  cd  has  no  kinetic  ener£:y,  bein^ 
at  rest,  and  no  pressure  energy;  hence,  its  total  energy  is  its 
potential  energy  with  reference  to  fgy  and  this  energy  is 
1  X  A.  =  A.  foot-pounds.  The  energy  of  this  pound  on  the 
surface  must  be  the  same  as  that  uf  a  pound  passing  through 
the  pipe  at  the  section  St\  hence, 


c,  +  A,;    hence,   J'   +  >■,  4- <■. 
In  general, 


(1) 


-    A+.A.,  or  l^ 


h  —  y;  or  y  =  ^  — , 


(2) 


But  k,  = 
=  Ai  — y.. 

That  is,  in  friciionJess  flow,  the  velocity  head  at  any  stction  is 
equal  to  the  difference  between  tfie  hydrostatic  head  and  the  pres- 
sure head.  Evidently^  therefore,  the  distances  of  the  water 
levels  below  cd  in  the  tubes  /.,/.,  and  /„  Fig.  1,  are  the 
velocity  heads  for  the  sections  j,,j,,  and  a;,,  respectively. 

Example  I. — In  Fig.  1,  A,   ~   15  feet,  A,  »  A>  »  20  feet,  and  the 

^B  areas  at  Sx,  St,  aud  Si  are  .-4,  =  ^  square  inches.  A,  =  h  <;qnare  inches, 

^F  aQd^i=  Isquareinch.     The  velocity  of  the  wntcr  as  it  passes  ii  i&8  feet 

per  second.     Find  the  velocity  heads  and  pressure  heads  for  the  three 

sectioos;    also  the  absolute    pressure  of   the   water  as  it  pas.ses  each 

section. 

SoLtJTroN .—Using  the  formula  of  Art.  2,  ^i,v,  —  ^iP,,  3X8 
—  3  X  r,;  whence, 

3  X  K 
r,  =  '    ;       —  \.^  ft.  per  sec.; 

t,      .    .,     .  3X8 


RDd.  similarly. 


fi  =  — , 


=  24  ft.  per  sec. 


add 


The  velocity  heads  are: 

2^  ^  2  X  32.16 
P/  24' 

2ir 


r!x:«.Ui^-^"-"'^" 


=  .S58  ft.  at  J„ 
=  8.P5  ft.  at  J,. 


2  X  32.16 
The  pressure  heads  are  now  found  by  formula  2. 


I  likewise, 


173—7 


^.  -  A.  -  ^  =  15  -  .«»o  =  14.005  ft.; 

>,  =  20  -  .3^  =  10.042  ft.: 
y,  =  30-8.95  =  11.05  11. 
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S0.77S  lb.  per  sq.  in. 


The  absolute  pressure  at  the  section  St  is 
^,  =  .434>*»+  U.7  *  .4,'H  X  14,006  +  14.7 
At  J,, 

f>,  =  .434  X  19.tH2  +  14.7  =  23.225  lb.  per  »q.  in. 
And  at  s,, 

/•  >  .434  X  11.05  -t-  14.7  -  19.4S6  lb.  per  sq.  la.    Ans. 

Ex.\Mi*Ln  2. — If  tho  hydrostatic  head  is  20  feet  and  the  pressare 

head  at  a  given  settion  is  12  feet,  what  is  the  velocity  ut  the  section? 

V* 

Solution.— By  formula  2,  „-    =»  A  -  v  -  20  -  12  »  8  ft. 
Therefore , 

V*  "  2£X  8,  or  V  =  yi'lg^X^  =  V2  X  32.10  X  H 
-  22.«84  (t.  per  sec.    Ans. 

T.  Application  of  B«!riiuullP8  loi-vv. — The  foUowingf 
example  shows  how  Bernoulli's  law  may  be  used  in  the 
solution  of  actual  problems. 

ExAMPLH. — Wntcr  flows  from  a  vessel  a  and  through  an  inclined 
pipe  f>.  Fig.  3.  At  the  seclion  s,,  the  pipe  diameter  is  5  inches,  while 
at  the  end  s,  the  diameter  is  3  inches.  The  tube  inserted  at  i|  shows 
&  pressure  head  y,  of  22  feet,  and  the  vertical  distance  between  sec- 
tions j.  and  J,  isf,  =  14  fe«t. 


r 


I . 


Required^  the  flow  in  cubic 
feet  per  second. 

SoLVTioN.— Friction  is 
nef^lccted.  Taking  the  line 
through  s,  as  the  datura 
line,  the  potential  head  for 
the  section  s,  is  14  ft.  and  for 
the  section  s,  ts  0.  Since, 
at  St,  the  water  is  subjected 
only  to  atmospheric  pres- 
sure, the  pressure  head  is  0, 
while  for  the  section  5|  it  is  22  ft.    Denoting  by  i',  and  z;  the  velocities 

at  St  and  s„  the  velocity  heads  are,  respect i\*e]y.  ^  and  ^,    Apply- 

ing  fortntila  4  of  Art.  ft  to  the  sections  s,  and  ;., 


Pio.  8 


I 


or 


2*- 


+  22  +  14 


2^ 


+  C  +  0: 


whence. 


2jr       2jr  "  ^• 


f,'  -  r,'  ==  3ti  X  2  X  32.16  =  2.315.6 


§26 


HYDRAULICS 


By  the  formula  of  Art.  2,  /t,v,  =  A^v,,  or 

V 


W,  _        ^  .7H54  X  V 


Hence, 


I'.' 


/3S„\'       625  i 


Substituting  this  value  of  v»*  in  the  preceding  eqaatioD^ 
^  r.,'  -  r,'  -  2.315.5. 


or 


and 


,        2,3^5^        2,315.5  X«l 

81   "" 

z*.  ■•  ^4.77  =  18.57  ft.  per  sec. 
25 
»,  =  —»,=»  51,583  fl.  per  sec. 

if 


W4.77.  . 


By  formula  1  of  Art.  l^ 
.7854  X  5' 


£?  -  W.  t* 


144 


X  18.57  =  2.532  en.  ft.  per  eoc.    Ans. 


8.  Piezometers, — A  eaug:c  or  tube  inserted  in  a  pipe 
to  show  the  pressure  of  the  water  is  called  a  piezometer. 
When  a  piezometer  is  to  be  placed  on  a  pipe  through  which 
water  is  flowing,  the  tube  should  always  be  so  inserted  as 
to  be  at  right  angles  to  the  current  in  the  pipe,  as  shown 
at  a.  Fig.  4.  •It  the  tube  is  so  inclined  that  the  current 
flows  against  the  end. 
as  sho\sii  at  b,  the  ac- 
tion of  the  current 
will  force  the  water 
into  the  tube  and 
cause  it  to  rise  higher 
than  the  head  due  to 
the  pressure;  and  if 
inclined  in  the  op- 
posite direction,  as  at  r,  the  action  of  the  current  will  reduce 
the  indicated  pressure. 

If  a  pipe  running  full  of  water  is  equipped  with  a  number 
of  piezometers  at  various  points  along  its  length,  the  line 
joining  the  tops  of  Die  columns  of  water  in  the  several 
piezometers  is  catted  the  hydraulic  f^raiU  line.  In  the  case 
of  a  pipe  of  uniform  diameter  discharging  from  one  reservoir 
into    another,   the    hydraulic    grade    line   is   a  straight  line 
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drawn  from  a  point  on  the  surface  of  the  water  vertically 
above  the  inlet  to  a  point  on  the  surface  vertically  above 
the  outlet. 


KXAMPLKH    rOR    PRACTICE 

1.  How  much  water  per  minute  will  pass  any  •;ecHoD  of  an  8-inch 
water  main  if  the  velocity  is  6}  feet  per  second?        Ans.  13(1. 14  cu.  it. 

2.  In  example  1,  what  will  be  the  velocity  tbrouj;h  a  part  of  the 
main  that  la  contracted  to  a  diaracter  of  ti|  inches? 

Ads.  9.R4(i  ft.  per  mc. 

3.  The  hydrostatic  head  on  a  jjiven  section  of  a.  pipe  is  13  feet,  the 
velocity  uf  the  water  passinfj;  through  the  section  is  12  feet  per  second, 
and  friction  is  neglected,  (a)  What  is  the  velocity  head?  (^)  What 
is  the  pressure  head?  (i^]  What  is  the  absolute  fluid  pressure  at  the 
section?  \{a)  2,233  ft. 

AnB.n^}   10.701  ft. 

[(c)   19.37  lb.  per  sq.  io. 

4.  In  PIk-  ^  suppose  that  the  height  of  water  shown  by  the 
piezometer  is  15  feet  ond  the  vertical  distance  between  the  sections  j, 
and  s,  is  10  feet.  Let  the  pipe  at  j,  be  0  inches  In  diameter,  and  at  s, 
4  inches  in  diameter.  Compute  the  discharge  Q  in  cubic  feet  per 
second.  Au.  3.0  en.  (t. 

5.  When  there  is  no- flow,  the  pieiometcr  inserted  at  a  certain  point 
of  a  pipe  shuws  a  height  of  31(  inchcir-s,  but  when  the  flow  is  started  this 

-  height   drops  to  23  inches.     Neglecting  fric- 

tion, what  is  the  velocity  of  the  flow  at  the 
section?  AuR.  9.26  ft.  per  sec. 


'^^^^^m  FLOW   OF  WATKR  THROUGH 

OltlKlCKB 
9.    Theoretical  Volooltyof  Efflux. 

Let  ft  small  aperture  be  made  in  the  side 
of  a  vessel,  Fig.  o,  containing  water  and 
lei  the  disiaace  of  the  aperture  from. the 
upper  level  of  the  water  be  denoted  by  A. 
To  determine  the  velocity  with  which 
the  water  will  flow  from  the  aperture. 
Bernoulli's  law  may  be  applied.  A  small  mass  of  water 
may  be  imagfincd  as  starting  at  the  surface  s,  and  moving 
downwards  to  the  orifice  s,  just  as  though  enclosed  in  a 


FIO.& 
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Ericttonless  tube,  as  shown  by  the  dotted  outlines.  At  s,,  the 
velocity  is  practically  zero,  aud  the  velocity  head  is  therefore 
zero;  the  pressure  head  is  likewise  zero.  If  the  line  ^/  is 
taken  as  the  datum  line  for  potential  heads,  the  potential 
head  for  5,  is  A.  For  j..  let  v  denote  the  velocity  with  which 
the  water  flows  through  the  aperture,  called  the  velocity  of 

efflux;  then  ^—  is  the  velocity  head.     The  pressure  head  is 

zero,  the  orifice  being  open  to  the  atmosphere,  and  the 
potential  head  is  also  zero.     Hence,  applying  Bernoulli's  law, 

0  +  0  +  A  =  -^-  +  0  +  0; 


whence,  v'  =  2gA,  and 


2.? 


The  Iheorctkal  velocity  of  efflux  is  tfte  same  as  the  velocity  the 
water  would  attain  in  falling  through  tlie  keigfit  h. 

Example  1, — A  small  orifice  is  made  in  a  pipe  50  feet  below  the 

1  water  level;  what  is  the  velocity  of  the  issuiDg  water? 
Solution-— By  the  formula, 
V  «=  'i2gh  =  V2x  32,16X60  =  56.71  ft.  per  sec.    Ads. 
I£  the  velocity  of  efflux  is  known,  the'  head  h  required  to 
produce  the  velocity  can  be  found  as  shown  by  the  following; 
example: 

r  Example  2.— An  issuing  jet  of  water  has  a  velocity  of  00  feet  per 
ood;  what  is  the  head  that  causes  it  tu  dow  with  this  velocity? 
Solution, — By  transposing  the  formuta. 

10.  Flow  Under  Pressure. — Suppose  that  the  surface 
of  the  water  in  the  vessel  of  Fig.  5  is  subjected  to  a  pressure 
in  addition  to  the  pressure  of  the  atmosphere.  This  extra 
pressure  may  be  due  to  a  loaded  piston  placed  on  the  surface 
of  the  water,  or  perhaps  to  steam  pressure. 

Let  p  denote  this  extra  pressure  in  pounds  per  square  inch. 
The  height  of  a  column  of  water  that  will  cause  the  pres- 
sure >  is  A,  =  — ^  =  2.304  p',  hence,  under  these  conditions, 
.434 

the  water  at  the  surface  j.  has  a  pressure  head  Ag  =  2.3(M  p. 
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If  water  issues  from  an  orifice  //  feet  below  the  surface  that 
sustains  the  pressure  k,,  Bernoulli's  law  gives  the  equation 

0  +  A. +  //  =  ^''  +0  +  0; 
2^ 

whence.  v  =  V2^(A,  +  *)  (1) 

The  total  head,  ^,  +  h,  is  called  the  cqulvalcut  head, 
and  must,  in  all  cases,  be  reduced  to  feet  before  substituting: 
in  the  formula. 

ExAMPtB  1.— The  area  of  a  piston  fitting  a  vertical  vessel  filled  with 
water  is  27.36  square  inches.  The  total  pressure  on  the  piston  \s  SO 
pounds;  the  weight  of  the  pi-ston  is  2-'»  pounds;  and  the  head  of  the 
water  at  the  level  of  the  orifice  jq  fl  feet  10  inches;  what  Is  the  velocity 
of  the  efflux,  aasuming  that  there  are  no  rcsifitanccs? 

SoLtrrioN.—  KO -f- 25  =  105  lb.,  the  total  pressure  on  tbe  upper 
surface  of  the  liquid. 

105  +  27..T*i  =  3.8377  lb.  per  sq.  in. 
Then,  A.  =  3.R:^77  ^  .434  =  8.M2H  ft., 

the  head,  in  feet,  due  to  the  pressure  of  105  lb.; 
A  =  6  ft.  10  in.  =  6.8333  ft. 
Using  formula  1, 

V  -  <2j{Ar+y)  ^  yl2~f[{S.SiWT&^.Sm)  =  V2X32.1«X  15.6769 
B=  31.7.1  ft.  per  sec.    Ans. 

Because  the  atmospheric  pressure  is  the  same  at  both  the 
upper  surface  and  the  point  of  efflux,  its  effect  at  these  two 
points  is  neutralized  and  pressures  above  the  atmosphere  are 
used  instead  of  absolute  pressures.  When  the  fluid  is  dis- 
charged into  a  vacuum,  however,  absolute  pressures  must 
be  used. 

In  dferiving  the  formulas  of  Art.  9  and  formula  1  of 
this  article,  it  is  assumed  that  the  orifice  opens  to  the 
atmosphere.  If  the  orifice  is  subjected  to  an  external 
pressure,  which  may  be  denoted  by  p»,  the  corresponding 
pressure  head  on  the  orifice  is  A,  =  2.304  p,.  Using 
this  pressure  head  for  St,  Bernoulli's  law  gives  the  equation 


0  +  //.  +  //  =  .f-  +  A,  +  0; 


whence, 


2^ 


2^- 
=  A  +  A,  —  //,,  and 

V  -  ^'2^<ATA7-Xy 


(3> 
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EXAUPLB  2.— Water  under  a  head  of  17.^  feet  flows  through  an 
orifice  into  a  tank  containing  compressed  air  having  a  gauge  pressure 
of  35  pounds  per  square  inch;  find  the  vHlocily  of  efflux. 

Solution.— Use  formula  2,  v  =  V2jr[^  +  *•  -  *■)■  *  *  176. 
A,  =  0,  and  A,  «  2.304  X  35  -  80.(M  ft.     Then,  snhstitutiog, 

V  «  ^  X  32.16  X(175  -  m.M)  =  77.9  ft.  per  sec.    Ans. 

!!•  now  Throii|?h  a  Ijarpe  Orifice. — Tf.  in  Fig.  5, 
the  area  of  the  orifice  is  greater  than  about  one-twentieth  of 
the  area  of  the  cross-section  of  the  vessel,  the  velocity 
of  the  water  at  the  surface  becomes  appreciable  and  mast 
be  taken  into  account. 

Let   a  =  area  of  orifice  in  any  unit,  as  square  feet  or 
square  inches; 
A  =  area  of  surface,  in  the  same  unit  as  a; 

V  =s  velocity*  of  efflux,  in  feet  per  second: 

V  ^  velocity  with  which  surface  s,  sinks,  in  feet  per 

second . 

By  the  formula  of  Art.  2,  A  f  =  av,  or  K=  ^v.     The 

w 

rn 

velocity  head  at  5,  is  ~,  and,  using  this  instead  of  zero» 
Bernoulli's  law  gives 

Z!  +  0  +  A  =  i^  +  O-f-O 


Si' 


2^ 


I 


Transposing, ■—  =  A;  but  K*  =  -,«'*;  hence 


2^ 


2^ 

y' 
2^ 


2gA* 


h. 


ym 


2g\        A'l 


Solving  for  v, 


V  ^ 


2jli. 


When  the  area  at  the  office  is  more  than  one-twentieth  of 
the  area  of  the  cross*section  of  the  vessel^  this  formula 
should  be  used;  when  less  than  one-twentieth  of  that  area, 
the  formula  of  Art.  9  gives  results  that  are  sufficiently 
accurate. 
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ExAMPLB. — Ad  orifice  4  inches  square  is  cnt  in  the  bottom  oC  a 

vessel  having  a  rectangular  cross- sect  ion  11  inches  by  14  inches;  the 
water  level  is  14  feet  above  the  bottom.  Compute:  (a)  the  velocity  o( 
efflux;  {d)  the  discharge  per  second. 

SoLimoN.— (a)  Area  of  cross-section  ts  14  X  II  =  IW  sq.  in.  Area 
of  orifice  is  4  X  4  =  16  sq.  in.  Since  IM  ■}■  Ifi  =  J>J,  the  area  of  the 
surface  is  less  than  twenty  times  the  area  of  the  orifice;  benco,  OMOg 
the  above  formula  and  substituting. 


/  2^;^  /2X  32.16  X  14 


3U.  17  ft.  per  sec.    Ans. 


{6)    Using  the  formula  of  Art.  1, 

Q  '^Av  =  ^^^  X  30.17  =-  3.352  en.  ft.  per  sec. 


Ans. 


If  the  formula  of  Art.  9  ts  used  instead  of  the  more  exact  formula 
just  given,  the  velocity  is  found  to  be 

V  =   >(2^^2riO  X  14  =  30.00*4  ft.  per  sec., 
which  is  slightly  less  than  the  value  obtained  by  the  formula  of  this 
article. 


12. 


8TANDABD    ORIFICES 

Kdfine.s  of  Htandurd  Orifices. — An  orifice  in  the 
side  ur  bottom  of  a  vessel  or 
reservoir,  and  at  a  distnnce  below 
the  siirface  oi  the  water,  is  called 
a  Ktaudurd  orifice  when  the  flow 
through  it  takes  place  in  such  a 
manner  that  the  jet  touches  the 
openings  on  the  inside  edge  only. 
A  hole  in  a  thin  plate,  as  shown 
in  Fig.  6,  is  such  an  orifice,  as  is 
also  a  square-edged  hole  in  the 
side  of  a  vesseJ,  as  shown  in 
Fig.  7,  when  the  thickness  of  the 
side  is  not  so  ^reat  that  the  jet 
touches  it  beyond  the  inner  edge. 
If  the  sides  of  the  reservoir  are 
very  thick,  a  standard  orifice  can 
*''"  '  be    made   by    bevehng    the    outer 

edges,  as  shown  in  Fig.  S. 


Fig.  r> 
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13.  Contraction  of  the  Jet, — When  a  jet  issues 
from  a  circular  orifice,  it  contracts  so  that  the  diameter  is 
least  at  a  distance  from  the  edge  equal  to  about  one-half  the 
diameter  of  the  orifice.  Beyond 
this  point,  the  jet  gradually  en- 
larges and  becomes  broken  by  the 
resistance  of  the  air.  Orifices 
that  are  not  circular  also  cause 
contractions. 

The  cocf  f  I  cleiit  of  cent  ruc- 
tion is  the  number  by  which  the 
area  of  the  oriBce  is  multiplied  in 
order  to  obtain  the  least  cross-section  of  the  jet.  Experi- 
ments on  jets  from  standard  orifices  have  given  values  for 
this  coefficient  varying  from  .67  to  ,71.  The  probable  mean 
value  is  about  .62. 

14,  Coefficient  of  Velocity. — The  number  by  which 
the  theoretical  velocity  must  be  multiplied  in  order  to  obtain 
the  actual  maximum  velocity,  or  the  velocity  where  the 
cross-section  of  the  jet  is  least,  is  called  the  cocfUcleut  ot 
velocity. 

If  V  =  theoretical  velocity; 

v'  =  actual  velocity; 
^  =»  coefficient  of  velocity; 
the  formula  of  Art.  9  becomes, 

It  is  found  that  c*  is  greater  for  high  heads  than  for  low,  and 
values  ranging  from  .975  to  nearly  1  have  been  obtained 
by  different  experimenters.  An  average  value  usually  taken 
is  .98. 

ExAUPtB  1. — What  is  the  actaal  vektcity  of  discharge  from  a  small 
staadard  oriiice  io  the  side  of  a  vessel,  if  ihe  bead  is  20  feet? 

SOLt/TION.— 


v*  =  c's^igh  =  .flSVax  32.16  X  20  =  36.15  ft.  per.  sec.    Ans. 

Most  of  the  problems  occurring  in  hydraulics  involve  the 
operations  of  multiplication,  division,  involution,  and  evolu- 
tion in  such  a  way  that  they  are  most  readily  solved  by  the 
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use  of  logarilhrns.  f.ogarithms,  therefore,  should  be  reviewed 
very  carefully  and  thoroughly  in  order  that  its  principles  may 
be  readily  applied  to  the  solutions  of  the  problems  here  eiven. 

Example  2.— Solve  example  1  by  means  of  lognrithres. 

SoLLTioN. — First  find  the  logarithm  of  the  product  of  the  Dumtwrs 

under  the  radical  siRn  frnm  the  table  of  loKarithras  by  adding'  the 

logarithms  of  the  Individual  numbers,  as  follows: 

log    2       >>    .30103 

log  32.16  »  1.M732 

log  30       -  1.30103 

S.lOaifl  «  log  (2  X  S3.!fi  X  20) 
The  logarithm  of  the  square  root  al  this  product  is  found  by  dividing 
its  logarithm  by  2;  thus, 

log  V2X  32.16  X  30  -  3.10038  ^  2  -  l..V>460 

Finally,   the   logarithm    of   the    product  of  .08  multiplied    by  the 

quantity  under  the  radical  sign  is  the  sum  of  the  logarithm  of  S^  and 

l..V)4«t,  or  i.ttuarj  +  l,.>i-IW>  =  I.W.WS.     From  the  table  of  logarithms, 

the  number  corresponding  to  this  logarithm  Is  found  to  be  35.1'!.     Ans. 

15.  Coefficient  of  Dlsclinrue. — It  is  evident  that  the 
contraction  of  the  jet  issuing  from  an  orifice  and  the  reduc- 
tion of  the  theoretical  velocity  at  the  smallest  cross-section 
both  tend  to  reduce  the  quantity  of  water  flowing  through 
an  orifice  as  calculated  from  the  formulas  Q  —  av  and 
V  =  ^2gh.     Let  (/denote  the  theoretical  discharge  and  Q  the 

actual  discharge;  then  the  ratio  ^  is  called  the  coefficient 

of  tllscliar^c     Denoting  this  coefficient  by  A, 

The  values  of  k  vary  with  the  shape  of  the  orifice,  the 
head,  and  the  velocity  of  discharge.  These  values  have 
been  determined  by  experiment,  and  it  is  found  that  they 
vary  between  .59  and  .63  for  the  most  practical  cases.  For 
ordinary  computations,  an  average  value  of  k  may  be  taken 
as  .61.     Therefore, 

Q  =  kQ  =  kAv  =  kA<2gh 

or  |2  =  -61  ^  V2^?'A 

where       A  =  area  of  orifice,  in  square  feel; 

Q  —  discharge,  in  cubic  feet  per  second; 

k  =:  head  on  center  of  orifice,  in  feet. 
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Example. — What  will    be    the   Actaal    diseliarge    from    a   circular 
Etandard  orifice  3  inches  in  diameter  under  a  head  of  25  fe«t? 


» 


SonrriON. — The  area  of  a  3-iu.  circle  is 

.7854  X  3*  =  7.068«  sq.  in.  =  7.0686  +  Ui 


.61  X  .049V2X32.IGX2S 


.0J9  sq.  ft. 
1.1966  en.  ft.  per  sec. 
Aas. 


EXAMPLES    FOR    PRACTICE 

1.  What  is  the  discharge,  io  cubic  feet  per  minute,  from  n  standard 
circular  orifice  whose  diameter  is  'Z\  inche.4,  tf  the  head  is  20  feet? 

Ans.  44.75  cu.  ft.  per  min. 

2.  A  square  orifice  in  the  side  of  n  reservoir  measurcit  .2  foot  on 
each  side,  and  the  head  nn  the  center  is  22  feet;  what  is  the  discharge 
Id  cubic  feet  per  second?  Ans.  .9178  cu.  ft.  per  sec. 

•S.  What  is  the  discharge  from  a  rectangular  orifice  1  foot  wide,  if 
the  head  on  the  upper  edge  is  2{  feet  and  the  depth  of  the  orifice 
1(H  inches?  Aas.  7.337  cu.  ft.  per  sec. 


WKIKS 


16.  Use  of  Weirs. — A  weir  is  a  vertical  obstniction 
placed  across  a  stream  orchatinel  and  containing  a  notch  (or 
a  number  of  them)  in  its  upper  edge  through  which  water  is 
allowed  to  flow  for  purposes  of  measurement.  It  has  been 
found  that,  when  properly  constructed  and  carefully  managed, 
a  weir  forms  one  of  the  most  convenient  and  accurate  devices 
for  measuring  the  dischargee  of  streams.  Many  careful 
experiments' have  been  made  to  determine  the  quantity  of 
water  that  will  flow  through  different  forms  of  weirs  under 
varying  conditions.  As  a  result  of  these  experiments,  rect- 
angular weirs  have  come  to  be  generally  used,  and  the 
amount  of  flow  in  any  particular  case  may  be  calculated  by 
simple  formulas  with  tabulated  coefficients  that  depend  on 
observed  conditions.  Triangular  weirs  are  occasionally  used 
for  experimental  purposes. 

17.  HectJiiiBiilar  Weirs. — There  are  two  types  of 
rectangular  weirs;  those  with  and  those  without  end  con- 
tractions.     A    M^elr    'nrltli    end    contractions    is    shown 

in    Fig.    0.      The    notch    is    narrower    than    the    channel 
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through  which  the  water  flows  and  this  canseg  a  contraction 
at  the  bottom  and  at  the  two  sides  of  the  issuing;  stream.  A 
welp  without  en*!  eontractlous  is  shown  in  Fig.  10.     In 


Pill,  w 


PlO.  10 


this  case,  the  notch  is  as  wide  as  the  channel  leading  to  it; 
consequently,  the  issuing  stream  is  contracted  at  the  bottom 
only. 

The  edge  a  of  the  notch,  in  either  Fig.  11  or  Fig.  12,  is 
called  the  crest  of  the  weir.     The  inner  edges  of  the  notch 

are  made  sharpi  so  that  the 

//  water  in  passing  through  it 

'  touches   only   along   a   line. 

For  very  accru-ate  work,  the 

zz^2£.=^  edges,  both  vertical  and  hori- 

~"^^^^^T^^:r  zontal,  should  be  made  with 

j^  a  thin  plate  of  metal  having 

a  sharp  inner  edge,  as  shown 

in  Fig.  11;  but  for  ordinary  work,  the  edges  of  the  board  in 

which  the  notch  is  cut  may  be  chamfered  off  to  an  angle  of 

about  30**,  as  shown  in  Fig.  12. 

The  bottom  edge  of  the  notch  must  be  straight  and  set 

perfectly  level,  and  the  sides  _        __ 

must  be  set  carefully  at  right  '"^"^^^^^-v/".  ^^^^^^= 

angles  to  the  bottom. 

The  head  H  producing 
the  flow.  Figs.  11  and  12.  is 
the  vertical  distance  from  the 
crest  to  the  surface  of  the 
water.  It  must  be  measured 
at  a  point  so  far  from  the  crest  that  the  curvature  of  the 
flowing  water  will  not  aScct  the  measurement. 


'■■::•}/ 
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The  distance  from  the  crest  of  the  weir  to  the  bottom  of 
the  feeding  canal  or  reservoir  should  be  at  least  three  times 
the  head;  and,  with  a  weir  having  end  contractions,  the  dis- 
tance from  the  vertical  edges  to  the  sides  of  the  canal  should 
also  be  at  least  three  times  the  head. 

The  water  must  approach  the  weir  quietly,  and  with  little 
velocity.  It  is  sometimes  necessary  to  provide  means  for 
reducing  the  velocity  of  the  water  as  it  approaches  the  weir. 

IS.     DIscharfce  ot  Weirs. — When    the    dimensions    of 
the  notch  and  the  head  on  the  crest  of  a  weir  are  known,  the 
discharge   can    be    computed    by    means   of    the    following 
formulas  and  tables  of  coefficients: 
Let     /  =  length  of  weir  in  feet; 
H  —  measured  head,  in  feet; 
V  —  velocity,  in  feet  per  second,  with  which  water 

approaches  weir; 
h  —  head  equivalent  to  velocity  with  which   water 

approaches  weir; 
A  =  cocfEcicnt  of  discharge; 

Q"  =  theoretical  discharge,  in  cubic  feet  per  second; 
Q  =a  actual  discharge,  in  cubic  feet  per  second. 
The  formula  for  the  theoretical  discharge  per  second  is 
obtained  by  the  use  of  higher  mathematics  and  is 

Q'  =  |M^/(//+A)»  (1) 

If  there  is  no  velocity  of  approach,  this  becomes 

Q'  =  l<%glH^  (2) 

The  actual  discharge  for  weirs  with  end  contractions,  and 

considering  the  velocity  of  approach,  is  given  by  the  formula 

Q  =  4*^/(^+  \Ah)*  =  5.347*/(/^+  1.4A)«      (3) 

If  there  is  no  velocity  of  approach,  this  becomes 

Q  =  ik^'lglH^  =  h.ZMklH*  (4) 

For  weirs  without  end  contractions,  and  considering  the 
velocity  of  approach,  the  formula  is 

Q  =  f  *V2j/(//+  i//)*  =  &.347i-/(//  +  lA)<         (5) 
If  there  is  no  velocity  of  approach,  this  becomes 

Q  =  ik<2ilH*  =  bMlklH*  (6) 
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Example.— What  is  the  discharge  o(  a  stream,  if  the  length  of  the 
weir  is  fi  feet,  the  head  lOi  inches,  the  coefficient  of  diiicharge  .603, 
and  the  velocity  cif  approach  »  0,  the  weir  having  end  contraclionB? 

SuLt'TloN.— Applying  formula  4*  and  subiilitutiug, 

Q  =  5.347  X  .603  X  5  X  .H75*  =  la.lSft  cu.  ft.  per  sec.     Ans. 

19.  The  value  of  the  coefficient  k  varies  with  the  effect- 
ive head  and  width  of  the  weir.  Tables  I  and  II  give  fairly 
accurate  values  for  tliesc  coefficients  for  the  given  conditions. 

TABLE  I 

COKmCIKNTS    FOH    WEIRS    WITH    KND    CONTRACTIONS 


Effective 

Length 

of  Weir, 

in  Feet 

Head 

Feet 

.66 

I 

9 

3 

S 

lO 

19 

( 

.1 

.632 

■639 

.646 

.652 

.653 

.655 

.656 

■  15 

.619 

.625 

■  634 

.638 

.640 

.641 

.642 

.ao 

.611 

.618 

.626 

.630 

.631 

.633 

.634 

■25 

.605 

.612 

.621 

.624 

.626 

.638 

.629 

■30 

.601 

.608 

.616 

.619 

.621 

.634 

.625 

.40 

■595 

.601 

.609 

.6.3 

.615 

.618 

.620 

.50 

•590 

-596 

.605 

.608 

.6n 

.615 

.617 

.60 

.587 

•593 

.60  r 

.605 

.608 

.613 

.615 

.70 

•590 

.598 

.603 

.606 

.612 

.614 

.80 

•  595 

.600 

.604 

.611 

.613 

.90 

•592 

•598 

.603 

.6og 

.612 

1. 00 

-590 

•595 

.601 

.608 

.611 

1.2 

.585 

.59t 

•597 

.605 

.610 

1.4 

.580 

•587 

■594 

.602 

.609 

1.6 

.582 

.sgt 

.600 

,607 

Note. — The  head  given  is  the  effective  head,  //+  lAA.  When  the 
velocity  of  approach  is  small,  H  is  neglected. 

Table  I,  Coefficients  for  Weirs  with  End  Contractions, 
gives  Values  of  the  coefficient  of  discharge  l'  for  weirs  with 
end  contractions  and  different  values  of  //  and  /.  Table  11, 
Coefficients  for  Weirs  Without  End  Contractions,  gives  values 
for  k  for  weirs  without  end  contrat;tions.     Weirs  with  end 
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contractions  are  more  often  used  and  are  to  be  recommended 
in  most  cases.  Values  of  k  for  values  of  f/  and  /  between 
those  given  in  the  tables  can  be  found  by  interpolating,  assu- 
ming that  the  variation  is  uniform  between  the  values  given. 

TABLE   II 
COEFFICIENTS    FOR    WEIRS    WITHOUT   END   CONTRACTIOKS 


Effective 

Length 

of  Weir, 

in  Feet 

Bead 

Feet 

19 

10 

7 

5 

4 

3 

a 

.to 

.657 

.658 

.658 

.659 

.ts 

.643 

.644 

.645 

.645 

.647 

.649 

.652 

.20 

.635 

■637 

.637 

.638 

.641 

.642 

.645 

.35 

.630 

.632 

.633 

■634 

.636 

.638 

.641 

.30 

.626 

.628 

.629 

.631 

.633 

.636 

-639 

40 

.631 

.623 

.62s 

.628 

.630 

.633 

.636 

.50 

.619 

.621 

.624 

.627 

.630 

.633 

.637 

.60 

.61S 

.620 

.623 

.627 

.630 

.634 

.638 

.70 

.618 

.620 

.624 

.628 

.631 

.635 

.640 

.80 

.618 

.621 

.625 

.629 

.633 

.637 

.643 

.90 

.619 

.622 

.627 

.631 

-635 

.639 

.645 

1. 00 

.619 

.624 

.628 

.633 

.637 

.64] 

.648 

I. a 

.620 

.626 

.632 

.636 

.641 

.646 

I '4 

.622 

.629 

.634 

.640 

.644 

1.6 

.623 

.631 

.637 

.643 

.647 

Note.— The  head  given  (s  the  effective  head,  //-fjA.  When  the 
velocity  of  approach  is  small,  A  may  be  neglected. 

20.  The  velocity  of  approach  is  the  mean  velocity 
with  which  the  water  flows  through  the  canal  leading  to  the 
weir.     If  ^  is  the  area  of  the  cross-section  of  the  water  in 

this  canal,  v  =  ^^  and  the  equivalent  head  is 

h  =  ^  =  .01565  v* 

The  velocity  v  may  be  measured  approximately  by  means 
of  a  float  on  the  water  in  the  canal  or  stream,  but  a  better 
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approximate  value  of  v  from  v 


However,  since  v  is 


method  is  to  compute  the  flow  Q  by  formula  4  or  formula  6 
of   Art.   18,  assuming    that   v  =  0,  and   then   calculate  an 

Q 

A' 

small  with  a  properly  constructed  weir,  it  is  usually  neglected, 
unless  great  accuracy  is  required. 

ExAUPi.B  I. — What  is  the  discharge  from  a  weir  with  end  contrac- 
tions iinfler  the  fnllowing  eonditions:  the  length  nf  the  weir  is  4  feet 
\\  inches,  and  the  measared  head  lOjSi  inches?  Assume  that  there  is 
no  velocity  of  approach. 

Solution.— The  length  /  of  the  weir  is  4  ft.  U  in.  —  4-125  (t..  and 
the  head  H  is  10i*a  in.  =  M  ft.,  nearly.  Prom  Tahle  1.  the  coefficient 
i  =  .000  for  a  weir  3  ft.  long  ami  a  head  of  .S  ft.  and  *  =  .604  for  a 
weir  5  ft.  long  with  the  same  head.  There  is  an  increase  in  the  coeffi- 
cient of  (.(KM  -  .000)  -i-  2  =  .002  for  each  increase  of  I  U.  in  length. 
The  coefficient  for  a  weir  4.]2!>  ft.  lorg  is,  therefore, 

.COO  +  (1.135  X  .002)  =  .((oasi 
The  coefficient  k  ^  .go3  for  a  weir  5  (t.  long  with  a  head  of  .0  ft.  and 
k  «■  .Sflfi  for  a  wtrir  'A  ft.  lung  with  the  same  head.     There  is  an  increase 
in  the  coefficient  of  (.603  -  .59S)   -i-  2  =  .002.^  for  each  increa.s«  of  I  ft. 
in  length. 

The  coefficient  for  a  weir  4.125  ft.  long  with  a  head  of  .W  ft.  is, 
therefore,  .59H  +  (1.125  X  .0025)  =  .(KWHl 

The  decrease  in  coefficient  for  an  increase  in  head  of  .1  ft.  is 
.(H)22-'J  -  .IKX-WI  =  Mn\ 
and  fur  an  increase  in  head  of  .(H  ft.  the  decrease  is 


.0014-1  X  -~ 


.000576 


This  subtracted  from  the  coefficient  for  .8  ft.  gives  .60225  -  .000576 
e=  .(101(174  as  the  coefficient  of  discharge  for  a  weir  4.1i'V  ft.  long  and  a 
head  of  .S)  ft.  Using  but  four  decitual  places,  the  discharge,  hy 
formula  4  of  Art.  18,  is 

Q  =  S.-'MT  X  .tiOl"  X  4.12.1  X  .SJ*  =  10.22  c\i.  ft.  per  sec.     Ans. 

ExAMPLU  2. — If  the  canal  leading  to  the  weir  of  example  1  is  10  feel 
wide  and  3  feet  deep  below  the  crest  of  the  weir,  what  is  Ihe  head 
eqnivalent  to  the  velocity  of  approach? 

Solution. — The  depth  of  water  in  Che  canal  is  the  depth  betow  the 
crest  plus  the  head  »  3. SI  ft.  The  area  of  the  cross-section  of  (he 
water  iu  the  canal  its 

W  =  3.84  X  10  =  .18.4  sq.  ft., 
and  the  velocity  is 

V  =  10.22  -f-  38.4  =  .266  ft.  per  sec. 
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The  head  i  eqaivalent  to  \he  velocity  v  is 
V'        .206' 


A  « 


2je       (H.32 


=  .(Kill  ft.     Ans. 


NoTK.-Ttils  value  ot  A  Is  no  ttnnll  lliat  Us  InHuence  ou  tbe  discharge  is  much 
ttrnc  than  iho probftblp  errors  In  meaxurinjr  (he  boad  //,  and  so  need  not  ba  coasidrred 

tzi  HodlntE  tbe  dUcliargv. 


EXAMPLES     FOR    PRACTICE 

1-  WHint  is  the  discharge  per  sct-nnd  frcim  a  weir  with  end  contrar- 
tioDS  when  the  length  nf  the  weir  is  24  inche*;,  and  the  measured  head 
is  104  inches?    Assuine  that  there  Is  nu  velocity  of  appn>ach. 

Aus.  5.l8«cu.  ft. 

3.  With  {tie  same  conditions  aa  in  example  1,  except  that  the  weir 
is  without  end  contractiuait,  what  is  tbe  discharge  per  second? 

Am.  h.m\  cu.  ft. 

S.  What  is  the  discharge  per  second  from  a  weir  with  end  contrac- 
tions 36  inches  long,  with  a  head  of  i)  inches  uud  u  velocity  of  approach 
of  3  feet  per  second?  '  Ans.  8.«0  cu.  ft. 


I 
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21.  The  St-niKliird  Tube. — A  standard  tnbe,  or  an 
adjutoffe,  is  a  tube  whose  length  is  two  and  one-half  or  three 
times  its  diameter.  When  water  flows  from  a  reservoir 
through  such  a  tube,  as  shown  in  Fig.  13,  the  jet  contracts 
when  it  first  leaves  the 
reser\'oir.  then  expands 
again  until  it  fills  ihe  tube 
near  its  outer  end,  this 
contraction  and  expansion 
resembling  that  of  the  jet 
from  a  standard  orifice. 

Owing  to  the  contraction 
of  the  jet,  there  is  a  space 
between  the  jet  and  the  tube 
at  the  point  where  the  jet  is 
smallest.  WTnen  the  tube 
extends  far  enough  beyond  the  contraction,  the  jet  again  fills 
the  tube;  the  swiftly  moving  water  of  the  jet  carries  some  of 
the  air.  from  the  space,  along  with  it.  thus  producing  a  partial 
vacuum  around  the  contracted  portion  of  the  jet. 


PlQ.  12 
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If  a  small  branch  tube  as  shown  at  b.  Fig.  13.  is  carried 
down  into  a  cup  of  mercury  a,  the  pressure  o£  the  atmosphere 
will  force  mercury  into  h  to  a  height  /;  that  depends  on  the 
vacuum  in  the  space  around  the  jet,  and  if  a  small  hole  is  made 
in  the  tube  it  will  be  found  that  air  is  drawn  in  through  the  hole. 


iffi 


^* 


Pic,  H  Pro.  16 

On  account  of  the  difficulty  in  maintaining  uniform  con- 
ditions, which  makes  the  value  of  the  coefficient  of  discharge 
uncertain,  tubes  are  seldom  used  for  measuring  the  flow 
of  water. 

The  coefficient  of  discharge  for  a  standard  tube  is  greater 
than  for  a  standard  orifice.  An 
average  value  \s  k  =  .82. 

The  coefficient  of  velocity  for 
c5Mindrical  tubes  is  the  same  as  the 
LHicffidcut  of  discharge. 

22.     Coiilcnl  Tubes. — For  con- 

rlcal  tubes,  as  shown  in  Figs.  14 
and  15,  the  coefficient  of  discharge 
reaches  a  maximum  value  of  .046 
when  the  angle  a  of  the  cone  is 
13°  24'.  tf  the  inner  edge  of  the 
^"■'  ^^'  tube  is  well  rounded,  as  shown  in 

Fig.  16,  the  coefficient  of  discharge  is  still  further  increased 
and  may  be  made  nearly  1. 

The  coefficient  of  velocity  for  conical  tubes  increases  with 
the  angle  of  the  cone  until  at  an  angle  of  about  ■K)'^  it  becomes 
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approximately  the  same  as  the  coeflRcient  of  velocity  for  the 
standard  orifice,  which,  it  will  be  remembered,  is  .98. 

23U  Compound  Tobut*. —  Examples  of  compound 
t.ubes  areshowQ  in  Figs.  17  and  IS.  Experiments  have  shown 
that  the  velocity  through  the  minimum  section  a  is  greater 


l^--;-.d 


Pia.17 


Pio.  U 


than  the  theoretical  velocity  due  to  the  head.  The  values  of 
the  coefficient  of  discharge  for  the  section  a  vary  greatly  under 
different  conditions  of  head  and  proportions  of  tubes.  Under 
certain  conditions,  values  as  high  as  2.43  have  been  obtained. 

24.     Inward  Projoctlnjf  TubcH. — It  has  been  demon- 
strated   by  experiment    that    when   a    tube  projects   into   a 

reservoir,  as  shown  in  Figs.  19  and 

20,  the  contraction  is  increased  and     ^H^^^^  ~ 


k-.'.~ 


PlO.  19 


the  discharge  is  greatly  reduced.  For  the  tube  shown  in 
Fig.  19,  the  coefficient  of  discharge  is  about  .50;  and  for  that 
shown  in  Fig.  20,  about  .72. 
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LOSSES  or  nSAD 

25.  Prellmlnnry  Statement. — In  considering  the  flow 
of  water  through  pipes  of  considerable  length,  one  important 
factor  hitherto  neglected  mnst  receive  attention;  namely, 
ihe  friction  between  the  water  and  the  interior  surface  of 
the  pipe. 

Referring  to  Fig.  21.  the  level  of  the  water  in  thtf  reservoir 
is  at  a  height  /i  above  the  end  of  the  pipe.     If  the  pipe  dis* 

charges  into  the  at- 
mosphere, A  is  the 
head  that  causes  the 
flow;  but  if  the  pipe 
discharges  into  a  sec- 
ond reservoir,  the 
head  A  is  the  differ- 
ence between  the 
waterlevels  in  the  two 
reservoirs.  If  G  pounds  of  water  are  discharged  per  second, 
the  theoretical  work  of  this  quantity  of  water  falling  through 
the  height  ft  is  Gh  foot-pounds.     Now,  if  v  is  the  velocity  of 

G  V*  . 
discharge,  -^r —  is  the  kinetic  energy  of  the  outflowing  water; 

and  if  there  is  no  work  done  in   overcoming  friction,   the 

two  expressions  are  equal,  or  Gh  =  G-.ovh  =  -— ,  as  in 

the  case  of  a  theoretical  flow  from  an  orifice.     In  the  case 


=^ 


c::- 


FiQ.  21 


of  long  pipes,  it  is  always  found  that 


Gv' 

2-r 


is  less  Uian   G h. 


the   diflference  being    the    work    done    against    the   various 
frictional  resistances.     Hence,  the  head  ~  is  less  than  the 

total  head  ^,  and  the  difference  A  —  — -  is  the  loss  of  head  due 

2e 

to  frictional  resistance.     In  the  case  of  very  long  pipes,  the 


S26 


HYDRAULICS 


27 


velocity  v  may  become  very  small,  showing  that  nearly  all 
the  head  A  has  been  lost  in  overcoming  resistance. 

In  the  following  paragraphs,  the  losses  of  head  occasioned 
by  resistances  of  various  kinds  will  be  considered. 

26.     Loss    of    lU-iid    From    Friction    lu    the    Pipe. 

Experiments  have  shown  that  the  friction  of  water  flowing 
through  a  pipe  depends,  approximately,  on  the  following 
laws: 

I. 


II. 
III. 
IV. 

V. 


TAf  loss  in  fnction  is  proportional  io  the  letigth  of  the 

pipe. 
H  varies  nearly  as  the  square  of  the  velocity. 
It  varies  inversely  as  the  diameter  of  the  pipe. 
ft  increases  with  the  roughness  of  the  pipe. 
ft  is  independent  of  the  pressure  in  the  pipe. 

The  following  formula  is  based  on  experimental  data,  and 
is  in  accord  with  the  above  laws: 
Let   /  =  length  of  pipe,  in  feet; 
rf  =  diameter  of  pipe,  in  feet; 

V  =  velocity,  in  feet  per  second,  of  water  flowing  iti 
pipe; 

(/  =  a  coefficient  depending  on  roughness  of  pipe;  the 
value  .02  is  usually  taken  where  very  accurate 
B  results  are  not  required; 

I         ///  -  head  lost  by  friction; 
P         ^  =  32.16. 
P'l 
an 


Then. 


ExAMFLB. — Wliat  is  the  loss  of  htad  due  ta  Friction  in  a  10-inch 
pipe  1,00()  feet  loaf;,  if  the  mean  velocity  uf  flow  is  8  feet  per  second 
and  /  «  .Q\V7f 


SOLtmoN, — Using  the  forrouta  and  substituting, 

.       ,  /!'•        i.ourt  «• 

h/ 


d2g 


•*>*«'  X-M>^  2  X. ^2.16 


,TT  "  23.522  ft.    Ans. 


27,  XiOss  of  n^a<]  at  Entrance. — Water,  on  entering 
a  pipe  from  a  reservoir,  meets  with  rcsi-stanccs  due  to  fric- 
tion and  contraction,  and  there  is  a  loss  of  head  similar  to 
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the  loss  due  tu  fricUon.     The  usual  form  of  the  equatioa 
expressing  this  loss  of  head  is 

k,  =  m-— 

where   v  =  velocity,  in  feet  per  second; 

m  =  coefficient  dependinij  on  form  of  end  of  pipe; 
h,  =  head  lost  at  entrance,  in  feet. 
For  long  water  mains  the  value  of  m  is  usually  taken  as  .5. 


Fir.    22 


Fig.  23 


28.  I^ss  of  Head  Due  lo  ChauRe  of  Section. — When 
water  flows  from  a  small  section  to  a  larger  one,  as  shown  in 
Fig.  22,  energy  is  absorbed  in  producing  eddies  among  the 
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water  particles  just  at  the  enlargement.  The  change  from  a 
large  to  a  smaller  section,  as  shown  in  Fig.  23,  causes  a  con- 
traction in  the  mouth  of  the  smaller  section.     The  result  in 

both  cases  is  a  loss  of  head. 
If  the  change  in  section  in  the 
pipe  is  made  gradually,  as  in 
Figs.  24  and  25,  the  loss  is 
small  and  may  be  neglected 
when  computing  the  flow.  In 
practice,  a  change  in  section  is  usually  made  by  means  of  a 
reducer,  like  that  shown  in  Fig.  26. 

29,  Tjosh  of  Head  Due  to  Rend, — When  there  are 
sudden  bends  in  the  pipe,  there  will  be  a  loss,  due  partly  to 
shock  and  eddies,  and  partly  to  the  contraction  in  the  flow. 


Flo.  as 


head  hi,  may  be  expressed  in  terms  of  the  mean  velocity  by 
the  formula 


Table  III  gives  values  of  c  for 
different  values  of  the  angle  a. 

For  a  W  bend  like  that  shown 
in  Fig.  28,  the  loss  of  head  h,!  is 
expressed  by  the  formula 

A/  =  ^^  (2) 

in  which  ^  depends  on  the  ratio 

between  the  radius  r  of  the  pipe  and  the  radius  R  of  the  bend. 

TABIiE  III 

VALUB8    OF    n    FOR    ANULAS    a 


a «     lo" 

ao** 

4^'* 

60" 

80" 

90** 

too" 

110" 

120" 

130" 

140** 

ISO** 

€  •     .or7 

.046 

.139 

.364 

.74 

■984 

1.36 

1.56 

1.86 

S.16 

a. 43 

3.ei 

Table  rV  gives  values  of  r'  corresponding  to  various 
values  of  the  ratio  ^ . 

From  Table  IV,  it  is  seen  that  when  R  is  made  large  in 
comparison  to  r,  the  value  of  c'y  and  hence  the  loss  in  head, 
is  small. 
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There  may  be  other  resistances,  such  as  valves,  that 
change  the  direction  of  flow  of  the  water  or  suddenly  change 
the  area  throu^^h  which  the  water  flows.     If  the  pipe  is  care- 


TABLE  IV 

VAf.UES    OF   V    FOB    RATIOS 

f 

• 

r 

.1 

.3 

.3 

.4       *   .5 

.6 

.7 

.8 

•9 

1.0 

(*   -= 

.131 

.138 

.158 

.206 

.204 

.440 

.661 

.977 

I.40S 

1,978 

fully  designed  and  laid,  however,  these  tosses  may  be  made 
so  small  in  comparison  with  the  other  losses  just  named  that 
they  may  be  neglected  in  the  formulas  for  head  and  velocity. 


OCMRRAI.    FORMt'LAH     KOR    PLOW     IX    PIPBS 

30.     ForniiilaH   for  Velocity  of   Flow. — As  stated    in 
Art.  25,  the  diflference  h  —  -— ,  between  the  total  head  and 

velocity  head,  is  the  loss  of  head  due  to  the  various  fric- 
tional  resistances;  hence,  if  a  pipe  has  7/  bends,  like  that 
shown  in  Fig.  28, 

A-^  =  A,  +  A,  +  »A/; 
2^ 

whence,  v  =  ^2^  [A  -  ( A/  +  A*  +  «A/)]  ( 1 ) 

Using  the  values  of  A^  A,,  and  A,'  from   the  formulas  of 
Arts.  26  and  27,  and  formula  2  of  Art.  29, 

Solving  for  v^  the  following  formula  is  obtained  for  the 
velocity  of  flow: 


—  (3) 


When   the   form   of   bend   shown   in    Fig.  27  is  used,   the 
coefKcient  c  from  Table  III  must  be  used  instead  of  i^. 
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Giving  m  the  value  .5  for  the  common  case  of  a  pipe  with 
a  bell  end,  and  assuming  that  there  are  no  sharp  bends  or 
similar  resistances,  the  formula  for  v  becomes 


V  = 


2J-A 


fx.a.,i 


=  8.02 


(3) 


^1.5  +  /^ 


31.     Flow  In  Lone:  Pipes.— WTien  the  pipe  is  very  long» 
compared  with  its  diameter,  say  when  /  exceeds  4,000  d,  the 

term  /-  becomes  so  much  larger  than  the  1.5  to  which  it 
a 

is    added  in  formula  3  of  Art.  30,   that    the    1.5   may    be 

disregarded,  and  the  formula  becomes 


j-4mi)    <^> 


The  factor  —  may  be  replaced  by  a  new  symbol     , 
/  c 


m 


which  case  the  formula  takes  the  form 

id 


\hd 


(3) 


This  is  D'Arcy's  formula  for  the  flow  in  long  pipes. 
Since  the  quantity  Q  discharged  is  given  by  the  formula 

^Q  =  Av,  the  following  formula  is  obtained  for  the  discharge, 
in  cubic  feet   per  second: 
.     \hd 


Q  =  ^^';|  (3) 

or,  since  A  ^  .7854  d*  for  circular  pipes,  Q  =  .7854  d'J~, 


which  may  also  be  written 


(4) 


32.  Table  V  gives  the  values  of  tlie  coefficient  c  based 
on  the"  experiments  of  D'Arcy. 

It  will  be  observed  that  the  coefficient  for  smooth  pipes 
is  in  all  cases  half  that  of  rough  ones.  As  all  pipes,  no 
matter  how  clean  and  smooth  they  may  be  when  first  laid 
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become  in  process  of  time  more  or  less  coated  and  foul,  it  is 
safer  in  practice  to  always  use  the  coefficient  for  rough  pipes 

when  a  permanent 
system  is  being  laid 

TAULB    OF   COEFFICIENTS  down. 


TABLK   V 


Diameters 

Value  of  c  for 

Value  of  £  for 

Inches 

Rough  Pipes 

Smooth  Pipes 

3 

.00080 

.00040 

4 

.00076 

.00038 

6 

.00072 

.00036 

8 

.00068 

.00034 

10 

.00066 

.00033 

13 

.00066 

•00033 

M 

.00065 

.00033 

l6 

.00064 

.00032 

24 

.00064 

.00032 

30 

.00063 

.00032 

36 

.00062 

.00031 

48 

.00062 

.0003  J 

33.  By  carefully 
studying  Table  V,  it 
will  be  seen  that  the 
coelTicients  for  pipes 
from  8  to  48  inches 
in  diameter  do  not 
vary  greatly.  >iore- 
over,  from  formula  3 
of  An.  3 1,  it  appears 
that,  al)  other  con- 
ditions being  equal, 
the  quantity  dis- 
charged is  affected 
by  only  the  .square 
root  of  the  coefTK-ient, 
so  that  slight  differ- 
ences in  its  value  are  insignificant  in  reference  to  the 
volume  of  water  discharged.  Formula  4  of  Art.  31  con- 
tains the  factor  .617;  hence,  by  taking  .000617  as  an  approx- 
imate coefficient  for  pipes  within  the  limits  of  8  and 
48  laches  in  diameter,  the  formula  becomes 


whence, 


^       V.rK 


617V' A. 

OOOBI7/ 


(1) 


.000^'// 

7 

Now,  let  H  denote  the  head  per  thousand  feet,  so  that 
A       _H_ 
i  "  1,00c 

Q  =  <<rJi  (2) 

In  this  formula,  it  must  be  borne  in  mind  that  H  is  the 
fall  in  feet  per  thousand  feet. 


Substituting  this  in  the  formula  just  given, 
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For  pipes  of  smaller  diameter,  from  3  to  8  inches,  it  is 
well  to  assume  a  coefficient  of  .000785,  Then  for  such 
pipes,  from  formula  4  of  Art.  87, 


-^ 


eVd'A 


(3) 


.000785/ 

That  is  to  say,  for  these  smaller  diameters  the  delivery  will 
be,  in  round  numbers,  90  per  cent,  of  that  given  by  formula  2. 

34.  Formulow  for  Smooth  Pipes,— While,  in  practice, 
tbe  formulas  for  rough  pipes  shuuld  always  be  used,  it  is 
sometimes  useful  to  know  the  probable  discharge  through 
smooth  ones.  Since  the  coefficients  for  the  latter  are  always 
one-half  of  those  for  tbe  former,  for  smooth  pipes  formula  2 
of  Art.  33  may  be  written, 

Q  =  \2^^  =  lA^ld'/f 
Ik  general,  tfie  discharge  through  a  smooth  pipe  is  1.4  limes 
that  through  a  rough  pipe  of  the  same  diameter;  and,  recipro- 
callyfy  the  discharge  through  a  rough  pifie  is  .7  that  through 
a  smooth  one  of  ttie  same  diameter:  these  factors  represent 
the  practical  limits  between  which  the  extremes  of  rough- 
ness and  smoothness  can  aScct  the  How  tlirough  long  pipes. 

35.  Olaiueter  of  Pipe  for  Given  Flow^. — Formulas 
giving  the  diameter  of  a  pipe  for  a  desired  discharge  per 
second  are  readily  obtained  from  the  formulas  in  Arts.  33 
and  34,  Solving  formula  2  of  Art.  33  for  d  gives  for 
rough  pipes, 


-Vf 


(1) 


For  smooth  pipes,  by  solving  the  formula  in  Art.  34, 

(2) 

For  pipes  of  small  diameters,  up  to  about  8  inches, 
multiply  by  1.05;  that  is,  add  5  per  cent,  to  the  diameters 
given  by  these  formulas. 

36.     Formulas  for  Velocity. — From  the  formula,  r  =  =, 

A 

and  as  /4  =  .7854  d*  for  circular  pipes  v  =      J^     ;   from 

.7oo4£r 
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formula  2  of  Art.  33,  Q  =  "^d^  H\  hence,  for  large  rough 
pipes,  _ 


V  —    '- 


=   1.2i 


(1) 


(3) 

(3) 
(4) 


.7854  i/' 
Similarly,  for  small  rough  pipes, 

V  »  \.n<dii 

For  large  smooth  pipes, 

Z'  =  1.78  VZtf 

and  for  small  smooth  pipes    

V  =     1.6  Vfl^ 

37.  HcncI  Koqulretl  for  a  Given  Flow.— The  head 
required  per  1,000  feet  to  produce  a  flow  of  Q  cubic  feet  per 
second  in  a  pipe  d  feet  in  diameter  is  found  from  formula  2  of 
Art.  33.    Squaring  both  members  of  the  formula,  it  becomes, 

"-$ 

For  pipes  of  smalt  size,  from  formula  3  of  Art.  33, 

The  following  examples  show  the  application  of  the  pre- 
ceding formulas: 

ExAut'LE  1  .—A  rough  pipe,  tfl  inches  ia  diameter  and  .^.TOO  feet  long. 
connects  two  resKrvoirs,  the  difference  of  elevation  between  the  two  being 
187  feet.     With  what  velocity  does  tl:e  water  flow  through  the  pipe? 

SOLonoN.— Substitmiag  in  formula  2  of  Art.  31,  rf=  Ifl  in. 
=  11  ft.,  h  =  187  ft.,  /  =  .3,700  ft.,  and.  from  Table  V.  r  =  .00064. 
Hence, 


whence, 


(1) 


10.26  ft.  per  sec.    Aiu. 


187  X  J 
.00064  X  3.700 

ExAMPi.B  2.— What  is  the  velocity  through  the  pipe  in  example  I, 
calculated  by  formula  1  of  Art.  3<1? 
187  X  1.000 


Solution.—    H  = 


3.700 


=  !}Q.5;  t/  —  I;  hence,  substituting. 


J' 


.27X^ 


\'^  X  50.6  =  10.42  ft.  per  sec.     Ans. 


KoTK,— In  HpproKiniiilo  foniiulflK,  hucIi  tin  bH  thi>«c  tlmt  npply  tu  tbc  t^uwot  water 
throoeh  *hc  t>ipr«  n(fceiiit«rnv  uro.  fhr-  n-snits  r.ritninol  In  rxaniples  I  .ind  •!  «rv 
c-'iiilvalcnt  to  an  agreement,  Rod  in  practice  nnc  niicl)(  hniipcti  lo  tie  as  nearly  rlicbt 
a«  Ihf  nihcr  It  i«  obviona  Ihai,  when  the  charartcr  .il  ifip  plp«f  may  x'nry  nn  widHy 
ns  CO  iDtrrlor  xurfiicr,  m  very  cl»>r  result  con  never  be  Itiipctl  for.  and  nil  tlint  CAD 
be  done  In  to  keep  within  prnhiitile  llTntih, 
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ExAUPLB  3. — A  rough  pipe,  10  inches  in  diameter,  is  laid  with  a  fall 
of  7^  feet  per  t.OOO;  what  is  the  discharge? 

SOLCTION.— Applying  formula  2  of  Art.  33, 

C=  <^^  =  \'(!")*x"'^ 

and  usioE  logarithms, 

log  10 l.OOOOO 

log  12 1.0?.)18 

Subtracting,  tog  H     ■    ■      1-920S2 

fi 

log  of  fifth  power    .    .    .      I.fKHlO 

log  7.5 87506 

2)0.47916 
log  of  square  root    ,    .   .      0.23968 
Corresponding  number  —  I."3ti 
Therefore,  the  discharge  Is  1.7:J6  cu.  ft.  per  sec.    Ans. 

Example  4. — It  is  desired  to  discharge  3  cubic  feet  per  second  from 
a  pipe  line  having  a  full  of  5  feet  per  1,000;  what  diameter  of  rough 
cast-iron  pipe  will  be  required? 

SoLtmoN.— Inserting  the  data  In  formula  1  of  Art.  36y 

log  9 95424 

logA .fl9ft&7 

6]   .26627 
log  of  fifth  root   ....     0.0510& 
Corresponding  number  b  1.126 
Therefore,  the  diameter  is  1.125  ft.  =  !3i  in.     Ana. 
As  cast-iron  pipes  are  made  to  Atandard  sizes,  and  there  are  no 
i  inches,  the  Dearest  appropriate  size  would  be  a  I4-in.  pipe. 

ExAMPi.K  -').— It  is  desired  to  discharge  i  cubic  foot  per  second  from 
a  4 -inch  pipe;  what  head  per  1,000  feet  of  length  is  necessary  to 
accomplish  this? 

Solution. —From  formula  S,  //  =  1.27  ^,  in  which  Q  =  i  and 
f/  M  J^;  hence,  substituting,  it  becomes. 

//=  1.27  X  Jjj]  =  77.15  ft.     Ans. 


EXAMPLES    FOR    PRACTICK 

1.  A  rough  pipe  20  inches  in  diameter  connects  two  reservoirs 
2  miles  apart;  the  difference  in  level  ia  375  feet.  With  wliai  velocity 
will  the  water  flow  through  the  pipe?  Ana.  9.(117  ft.  per  sec. 
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2.  What  should  be  the  diameter  oE  a  rough  pipe  1  mile  long:,  vitfa 
a  uQiform  drop  of  52.8  feet,  to  discharge  9  cubic  feet  per  second? 

Ads.  14.41  iu.    A  15-in.  pipe  would  be  used 

3.  What  is  the  discharge  per  second   from  a  pipe  14  inches  in 
diameter  with  a  fall  of  9  feet  per  1,000?  Aos.  4.41  ca.  ft. 


FLOW  OF  GASES 


K1X>W  THROiron  ORIFICES  AND   SHORT  TIIBE8 

38,  Proliinluury  Stateiueiit. — Owing  to  the  com- 
pressibility of  eases,  the  laws  governing  their  flow  through 
orifices  and  in  pipes  are  not  so  simple  as  those  relating  to 
the  flow  of  liquids.  DlflFerent  writers  and  experimenters 
£ive  different  formulas,  and  the  results  obtained  by  the  use 
of  these  formulas  frequently  disagree;  hence,  in  practical 
problems,  considerable  judgment  is  required  in  selecting  the 
formula  that  suits  most  closely  the  conditions  of  the  case 
under  consideration. 

It  is  believed  that  the  formulas  given  i^  the  following 
paragraphs  are  as  reliable  as  any.  In  each  case,  the  con- 
ditions under  which  the  formula  is  applicable  are  stated. 

39.  Water  Formula. — Suppose  that  a  gas  that  has  been 
enclosed  in  a  vessel  is  allowed  to  flow  through  an  orifice  into 
the  atmosphere.  Let  Px  denote  the  pressure  per  square  inch 
of  the  gas  in  the  reservoir,  and  /^  the  atmospheric  pressure. 
Now,  if  Px  is  but  slightly  greater  than  ^*,  the  density  of  the 
gas  changes  but  little  during  the  flow,  and  in  consequence 
the  same  formula  as  that  used  for  water  may  be  used  with- 
out serious  error,  namely,  i'  =  Igh. 

In  the  case  of  the  flow  of  water,  k  denotes  the  head,  in 
feet,  on  the  orifice;  likewise,  in  the  case  of  a  gas,  //  denotes 
the  head  or  height,  in  feet,  of  a  column  of  gas  that  corresponds 
to  the  difference  of  pressure  p^  —  p».  To  illustrate  this  point, 
suppose  that  the  gas  in  the  reservoir  is  air  and  that  the  pres- 
sure is  1({  pounds  per  square  inch,  .ibsolute,  and  the  tempera- 
ture 60^^  F.     At  this  pressure  and  temperature,  1  cubic  foot 
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of  air  weighs  .08316  pound.  The  difference  in  pressure. 
pt  —pm*  is  16  —  14.7  =  1.3  pounds  per  square  inch,  or  1.3  X  144 
s=  187.2  pounds  per  square  foot.  Evidently,  a  column 
having  an  area  of  1  square  foot  and  weighing  187.2  pounds 
will  produce  this  pressure  and  the  column  will  have  to  con- 
tain 1S7.2  -r  .08316  =  2.251  cubic  feet;  the  column  will,  there- 
fore, be  2,251  feet  hiifh.  Hence,  in  this  case,  //  =  2,251, 
and  the  velocity  of  flow  will  be 

V  =  V27a  =  V2x  32.16x2,251  =  380.5  feet  per  second. 
In  general,  if  7r,  is  the  weight  of  1  cubic  foot  of  gas  in  the 
reservoir  al  the  pressure  ^,, 

^  ^  144  (/>.  -p^ 


w, 


Substituting  the  value  of 
^;  ^  2jfXl44(A->J. 


(1) 
A  in  the  formula,  v'  =  'Zg/i, 


Wy 


whence, 


V  =  96.24 


\P.-P. 

^-^r 


(2) 


This  formula  is  termed  the  water  formula,  and  holds 
good  only  when  the  pressure  difiference  is  small. 

40.  Foriiiiila  for  WclKlitt*  DlHchnrsod. — Just  as  in 
the  case  of  water,  Q  ^  Av^  where  Q  denotes  the  theo- 
retical volume  discharged  in  cubic  feet  per  second  and  A  is 
the  area  of  the  orifice.  In  the  case  of  air.  as  with  water, 
there  is  a  coefficient  of  discharge  by  which  the  quantity  Q 
must  be  multiplied  to  obtain  the  actual  discharge  Q. 

Denoting  the  coefficient  by  /fr,  £>  =  kQ  =  kAv\  and  by 
substituting  the  value  of  v  in  formula  2  of  Art.  3J), 

\P^-P. 
If  a  represents  the  area  of  the  ori6ce,  in  square  inches, 


Q  =  96.24  kAJ^^^^J^  (1) 


A  = 


or 


144' 


and  the  formula  becomes 


Q^ 


96.24 


144 
Q  =  .668  k 


■«^ 


■4'- 


Wi 

-P' 


W. 


(2) 
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li  G  denotes  the  wei&fht  of  ihe  Q  cubic  feet  of  air,  that  is, 
the  number  of  pounds  discharged  per  second, 

G  =  w.Q  =  .668  kaw.J^'^^^ 

or  G  =  .668  AaVa',  (A -A)  (3) 

Now,  from  the  general  formula  pv  ^  GRT,  from  Pnru- 

matkst  and  the  weieht  w.  of  1  cubic  foot  of  air  at  a  pressure 

of  A  and  an  absolute  temperature  T„  the  following  forinuld 

is  obtained,  in  which  v^  is  the  volume  of  1  cubic  fool  of  ati 

and  R  is  .37. 

p,  Vt  —  w,  R  Tt 


At'.  ^AXJ 
R  r,      :Xi  T' 

w,  =  2.7  ^ 

Inserting  this  value  of  w,  in  formulii  3, 


and 


or 


(4) 


From  numerous  experiments,  Fliegner  found  thai  the 
coefficient  -t  has  the  vaUie  .964;  therefore,  I.l  >t  =  1.06. 
The  final  equation  is,  therefore, 

0=  1.06  «^-'-^^'^^'^  (5) 

Fliegner  states  that  this  formula  may  be  used  when  the 
pressure  in  the  reservoir  is  less  than  twice  the  atmospheric 
pressure,  that  is,  when  p,  is  less  than  2A* 

ExAMfLB. — Air  flows  from  n.  reservoir  in  which  the  preiswre  Is 
6  pnunds  per  square  inch,  gaujfe,  into  the  utmoKphere;  the  tempera- 
ture in  the  reservoir  Is  69°  F.  and  the  diameter  of  the  orifice  is  I  inch. 
Compute  the  flow. 

S>oi.iiTi()N.— Here  /»,  =  6  +  H.7  =  IS. 7  lb.,  which  is  less  than  twice 
H.7  tb.;  a  =  .78M  X  1*  =  .7K5i  sq.  in.;  T,  =  fi9  +  4tiO  =  52fi^  Using 
formula  n,  and  substituting, 

6-  =  LOG  X  .7854  X  J'P^^^fJ^^  »  .Xm  lb.     Ans. 


4  1.     KlIfKu^r'M  SffonU  ForniiilH. — For  cases  in  which 
the  reservoir  pressure  is  more  than  double  the  atmospheric 
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pressure,  Fiiegner  gives  the  following  formula,  in  which  the 
symbols  have  the  saroe  meanings  as  in  formttla  5  of  Art.  40: 

CP  =  .53  tf  -4^ 

Vt; 

This  formula  and  formula  5  of  Art.  40  were  deduced 
from  experiments  made  on  the  flow  of  air  into  the  atmos- 
phere; however,  it  is  probable  that  they  may  be  used  for  the 
flow  from  one  reservoir  into  a  second  reservoir  in  which  the 
pressure  is  different  from  atmospheric  pressure. 

KXAMPi^  1.— Air  having  a  temperature  of  tiO°  F.  and  an  abtvtlute 
pressnre  of  6.1  pounds  per  square  incli  flows  through  an  orifice  |  iuch 
in  diameter  into  the  atmosphere;  what  is  the  fluw  per  secoutl? 

Solution.— Since  ti.3  is  greater   than  2  X  14.7,   the  formula  just 

given  is  osed.    a  =  .7854  x(4)';  /.  =  fiS;  and  T.  =  AHO  +  m  =  520. 

Substituting;  these  values, 

„        ,.,  ^  63  X  .7654  X  (j)'        ^.^  ,.        . 
<7  •>  .53  X —i^^ — ^^^  =  -28f5  lb.     Ans. 

KxAMPLB  2. — Compressed  air  flows  from  a  reservoir  in  which  the 
pressure  is  60  poundK  per  sc|unre  inch,  gauge,  into  a  second  reservoir 
containing  air  at  a  pressure  of  45  pounds  per  square  inch,  gauge;  the 
temperature  is  t»5°  P.  What  is  the  flow  per  second  if  the  area  ol 
Che  orifice  is  i  square  inch? 

Solution. — Since  the  higher  pressure  is  less  than  twice  the  lower 
pressure,  formula  A  of  Art.  -lO  is  used,  replacing  p^  by  the 
lower  pressure  p..  p,  =  m  +  14.7  =  74.7;  p,  =  15  +  14.7  =  69.7; 
7i  —  460+  65  =  525;  and  a  =  J.    Then,  substitutiag. 


^  -  1.06  X  1  X 


^ 


X<74.7-6».7) 


52S 


-  .387  lb.    Ant. 
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FLOW  OF  AIR  IN  PIPES 

42«  TPhenomena  of  Flow  lu  Pipes. — When  air  or  any 
other  compressible  gas  flows  in  a  pipe,  the  same  weight 
must  pass  any  cross-section  of  the  pipe  in  a  given  interval 
of  time.  It  does  not  follow,  however,  from  this  that  the 
same  volume  passes  every  cross-section;  for  since  the  gas 
is  compressible,  the  volume  of  a  given  weight  depends  on 
the  pressure,  and,  in  general,  this  is  different  at  different 
sections. 

173-9 
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Suppose  that  the  eas  flows  into  a  pipe  from  a  reservoir  in 
which  the  pressure  is  /,  pounds  per  square  inch.  The  velocity 
at  the  start  is  lu  feet  per  second.  The  temperature  is  sup- 
posed to  remain  constant  during  the  flow.  As  in  the  case  of 
liquids,  the  friction  oi  the  gas  against  the  sides  of  the  pipe 
causes  a  loss  of  pressure,  the  amount  of  which  depends  on 
the  diameter  and  length  of  pipe  and  the  velocity  of  flow. 

After  traveling  a  distance  of  /  feet,  the  pressure  of  the  gas 
is  pt  pounds  per  square  inch,  which  is  less  than  the  initial 
pressure  ^,.  Now,  as  the  temperature  has  not  changed,  the 
drop  of  pressure  must  result  in  an  increase  of  volume  per 
pound  of  gas;  for,  according  to  Boyle's  law,  /,  K,  =  p,  K,,  or 

l/\  =  K,^;  hence,  since  the  same  weight  is  passing  each 
P* 

cross-section,  the  gas  must  have  a  greater  velocity  when  its 
pressure  is  p^  than  at  the  start,  when  its  pressure  wasy^,. 

It  is  found  that,  other  conditions  being  equal,  the  drop  of 
pressiu-e  is  greater  the  higher  the  initial  velocity  7\.  It  is 
advisable  tlierefore  to  keep  :',  as  low  as  possible  consistent 
with  a  reasonable  diameter  of  pipe.  la  long  mains,  v,  should 
not  exceed  20  to  2o  feet  per  second. 

43.  General  Formula. — The  fundamental  formula  for 
the  flow  of  air  in  a  long  pipe  is  derived  by  the  use  of  higher 
mathematics.     It  is 

in  which  ^  =  acceleration  of  gravity  =  32.16; 
/f  =  .37.  from  Pneitmaiics; 
T  =  absolute  temperature  of  air,  which  is  assumed 

constant; 
d  =  diameter  of  pipe,  in  inches; 
/  =  length  of  pipe,  in  feet; 

/  —  coefficient  of  friction  of  air  against  pipe  walls; 
Pi  =  initial  absolute  pressure,  in  pounds  per  sqiiare 

inch; 
p,  =  final  absolute  pressure,  in  pounds  per  square 

inch; 
V,  =s  initial  velocity  of  air,  in  feet  per  second. 
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Substitutingr  the  numenral  vaTues  of  ^  and  A*,  the  formula 
takes  the  simpler  form 


5.975 


^. 


TV 


X 


(S) 


Ordinarily,  the  temperature  of  the  air  is  approximately 
70*»  F..  that  is,  T  =  460**  +  70°  «  530°.  Using  this  value 
of  T,  the  formula  becomes 


^.  =  l^^^x(A'-A-) 


(3) 


ExAitPLB.— Air  at  nn  initial  K-'^ugc  pressiire  of  dO  pounds  per  square 
inch  flows  ihrough  a  pipe  <i  xachea  in  diameter  and  il.OIK)  feci  long; 
assumiog  that  f  =  .(XU*),  with  what  %'clocity  must  the  air  enter  the  pipe 
so  that  the  drop  of  pressure  shall  not  exceed  S  pounds  per  square  inch? 

SoLDTiON.— Here.  ^,  =  00  +  14.7  -  7-1.7;  fi,  =  74.7-8  =  .(W,7; 
and  p,'  -fit*  =  1,131.2;  rf  ■  6;  /=  .0(MR;  /  =  9.000.  Then,  substi- 
tuting in  formula  3,         

137 .«     /flX  1.131.2         «,„*. 
"•  =  ^4T  V.O^^SXH.DOO  =  ^-^^  ^'-  P*'  ««• 

Hence,  the  velocity  should  not  exceed  Zi.fVi  ft.  per  sec.  Ans.  In 
solving  examples  of  this  kind,  time  may  be  saved  by  using  logarithms. 

44.  Quantity  of  Air  Delivered. — Let  Q^  denote  the 
volume  of  air,  in  cubic  feet,  entering  the  pipe  per  second  at  the 
pressure^,,  and  Q  the  volume  of  an  equal  weight  of  free  air, 
that  is,  air  at  atmospheric  pressure;  then,  since  the  volumes 
of  equal  weights  of  air  are  inversely  as  the  absolute  pressures, 

Q     pr    ^    1-1.7 

Let  a  denote  the  area  of  the  pipe  in  square  inches,  which, 
for  a  pipe  of  circular  section,  equals  .7854  (T,  when  d  is  in 
inches;  then, 

O       Q^h  =      gp.A       ^  .7854./'y,A 
^        14.7        144  X  14.7        144  X  14.7 
Usually,  the  delivery  is  expressed  in  cubic  feet  of  free  air 

per  minute,  and,  usin^  the  minute  instead  of  the  second,  the 

formula  becomes 

(1) 


e^6g^^4^^^^^ 


144  X  14.7 
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or 


For  V,,  substitute  the  value  in  formula  3  of  Art.  43,  and 
formula  becomes 


Q 


60  X  .7854  X  137.6 
144  X  14.7 

Q  =  3.063 


■rr, 


'^\fi(A*-A') 


V^;(A--A- 


:) 


(2) 


45.     Values  of  Coefficient  of  Friction  for  Air. — The 

coefficient  /  is  not  constant,  but  varies  with  the  diameter  of 
the  pipe.  Values  agreeing  well  with  experiments  are  given 
by  the  formula 

/-  .003(1  -\-^ 

Example, —Air  at  an  initial  kQ^S^  pressure  of  80  pounds  per  square 
inch  flows  through  a  pipe  «  inches  in  diameter  and  H,(X)0  feet  long;  the 
drop  iu  pi-es5Ure  is  o  pounds  per  square  inch.  Compute  the  discharge 
In  cubic  [cet  of  free  air  per  niiuute. 

Solution. — From  the  formula 


i'^. 003(1+0  =  . 

Substituting  in  formula  2  nf  Art.  44, 
0  =  3.(Ki  -^  , 


0M5 


K' 


(W.V  -  80.7*)  =  2,S0(i  cu.  ft.     Ans. 


.OWft  X  H.orjo 

46.     FormnlHw  for  Dlnnieter,  Ijeiijorth,  nutl   Droii  In 

Pi-csisiire. — IJy   transforming    formula  2   of  Art.    44,    the 
following  formulas  are  readily  derived: 


rf  .  .64  J-e^. 


9.38^.- (A' -A') 


(1) 
(2) 


A-A^l-^^—  (3) 

When  the  drop  in  pressure  is  small,  it  may  be  calculated 
by  the  simple  approximate  formula 


A-A  =  -0535 


rf'A 


(4) 


If  the  drop,  as  calculated  by  formula  4,  is  relatively  large, 
say  5  per  cent,  of  /»,.  ur  more,  formula  3,  which  is  more 
exact,  should  be  used  to  find  the  lower  pressure,  />,. 
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From  formula  3  of  Art.  43,  the  following  formula  is  also 
obtained: 

'  (5) 

(he   pressure  p. 


^■'^•yl^-isish 


This  formula   may  be  used  to   compute 
when  the  initial  velocity  v,  is  known. 

Example  I.— A  pipe  5  miles  long  is  required  lo  deliver  the  equiva- 
lent of  4,000  cubic  feet  o(  free  air  per  minute  with  n  final  pressure  of 
230  pounds  per  square  inch,  gaiiK^,  H,ncl  the  drop  in  pressure  is  not  to 
exceed  20  pounds  per  square  inch;  what  must  be  the  diameter  of 
the  main? 

SoLDTiON. — Sincerf  Js  nnknown,  /must  be  assumed  and  afterwards 
corrected  if  necessarj*;  therefore,  assume  f=  .fKMo; />,  =  230  +  14.7 
=  244.7;  A  =  244.7  +  20  =  204.7;  fi,'  - p,'  =  10.188:  0  =  4,000;  and 
/  B  6  X  6,280.     Now,  using  formula  1  and  substituting. 


.64  ^' 


.|'4.6d6'  X  .0045  X  8  X  5.280 


=  7.25  in.    Ans. 


10.1H8 

For  this  value  of  d,  f  =  .OKI  fl  +  =~\  =  .0047,  which  is  so  near 

the  assumed  value,  .0045,  that  a  correction  is  unnecessary.    The  next 
larger  commercial  size  of  pipe,  8  in.,  should  be  used. 

Example  2.— Using  the  8-inch  pipe  in  example  I,  compute  the 
actual  drop  in  pressure. 

SoLCTiON.— For  an  8-iocli  pipe, 

f=  .OOS  (l+fj  =  .00*5 

From  formula  3, 

*         wu7*/i        107  X  4.000*  X  .0046  X  6  X  b^O  _  o^o  ,  ,u 

HeocA,  the  drop  is  pt  -  ^,  =  24*4.7  -  252.7  =  12  lb.     Ans. 


§•  X  2W.7' 

24*4.7-252.7  =  12  1b. 
By  the  approximate  formula  4,  the  drop  in  pressure  would  be 
■0^35X4,000'  X  .OtHn  X  5Xj».280 
8*  X  264.7 


A -A 


-  11.72  lb. 


Example  3. — Through  what  length  of  6-inch  pipe  can  the  equiva- 
lent of  1.500  cubic  feet  of  free  air  per  minute  be  discharged  with  a 
5na1  pressure  of  75  pounds  per  square  inch,  gauge,  and  a  drop  in 
pressure  of  4  pounds  per  square  inch? 

SoLirrioN.— For  a  6-in.  pipe,  f=  .003  (1  +  J)  -  .005;  p,  =  75+14.7 
=  89.7;    and  p,  =  89.7  +  4   =  «t.7;    hence, /,•- />/  =  93.7*  -  89.7« 
B  733.(3.     Now,  substituting  in  formula  2, 
6'  X  733.6 


».38X 


1,600'  X  .006 


.  =  4,766  ft.     Ans. 


u 


HYDRAULICS 


§20 


EXAMPLES    FOR    PRACTICE 

1.  With  what  theoretical  velocity  will  air  flow  from  a  reservoir  in 
which  the  pre!;<iare  is  20  pounds  per  square  inch,  absolute,  into  the 
atmosphere?    Assume  the  temperature  to  be  iXf.    Ans.  tiS7.5  ft.  per  sec. 

NoTR.— Ftr%t  u»c  (onuuln  -i  of  Ait.  40  lor  fiodiiuc  tho  weight  of  I  cable  foot  of  air, 
and  tlieti  o&e  lonntila  S  of  Art.  39. 

2.  Air  flows  from  a  rcKrvoir,  in  which  the  pressure  Is  liM)  pounds 
per  square  inch,  gauge,  into  titc  atmosphere  through  an  oriHcc  }  inch 
in  diameter;  the  temperature  of  the  air  on  the  reservoir  is  ti!>°  F. 
Compute  the  weight  flowing  per  minute,  Ans,  101  lb.,  nearly 

Not*.— Use  the  farmulii  In  Art.  -t  1  and  ramember  that  tbe  tormnla  sfve*  iMands 
per  fecoDd. 

8.  A  main  to  carry  compressed  air  is  20.000  feet  Jong  and  10  inches  in 
diameter;  the  initial  pressure  is  125  pounds  per  sqnate  inch,  absolute. 
Compute  the  drop  in  pressure  fur  the  following  initial  velocities: 
(a)   30  feet  per  second;    {6)  30  feet   per  second. 

in. 

in. 


Aa^li")  n63»b.  persq. 
'^"''tiA)  28.12  1b.  pcrsq. 


NOTB.— Ufto  the  formula  in- Art-  IB  and  (hen  tue  formula  A  nl  Art.  48. 

4.  What  diameter  of  pipe  is  required  for  transmission  of  air  under 
the  following  conditions:  length,  1  mite;  linal  pressure,  80  pounds  per 
square  inch,  gauge;  drop  in  pressure  not  to  exceed  H  pounds  per  square 
inch;  quantity  discharged  per  minute,  the  equivalent  of  7,000  cubic 
feet  of  free  air?  Ans.  10.4  in.;  hence,  use  ll-ic.  pipe 

NoTx.— AHSQinc  f  -  .OtM2  and  use  lormula  1  o(  Art.  46. 

6.  With  an  initial  pressure  of  300  pounds  per  square  inch,  absolute, 
and  a  drop  of  30  pounds  per  square  inch,  what  will  be  the  discharge  of 
iree  air  per  minute   from    a   main   10  miles    long  and    15  inches  in 

diameter?  Ans.  20,2i*5  cu.  ft.  in  round  nuiBbera 

NoTK.— Um  tb*  tormnla  la  Art.  4fi  to  Qnd  /,  uod  tbea  use  lonnula  <  of  Art.  4Li. 


HYDRAULICS 

(PART  2) 


ENERGT  OF  FALLING  WATER 

1.  Motliodtf  of  Utilizing  thf  Kncrpr3'  of  Water. 
Water,  in  passinf;  from  a  higher  to  a  lower  level,  can  do 
work,*  and  the  amount  of  work  that  can  thus  be  done  by  a 
given  weight  G  of  water  is  the  available  energy  of  that 
weight  of  water.  This  energy  may  be  used  in  one  of  three 
ways,  as  illustrated  in  Fig.  1:    (1)  The  water  may  be  per- 


I  Fir,.  1 

'  mitted  to  flow  from  the  tipper  level  m  m  into  the  buckets  of 
an  overshot  watcrwheel  a;  the  weight  of  the  water  acts  as  a 

I  motive  force  and  causes  the  wheel  to  turn.  (2)  The  water 
may  enter  a  cylinder  b  placed  at  the  lower  level  « «;  the 
water  in  the  cylinder  has  a  pressure  due  to  the  hydrostatic 
head  A,  the  distance  between  the  two  levels,  and  by  virtue  of 
this  pressure  may  push  a  piston  back  and  forth  and  thus  do 

^ft  work.     (3)  The    water   may  be  allowed  to  escape    from   a 

^B    dtmgUed  ^  InlemMtimat  TtTttook  Company.     Entrrtd  at  StalioHtrt'  Hall.  Lomdan 
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nozzle  c  at  the  level  ««,  and  the  jet  of  water  may  be  made 
to  impinge  on  the  buckets  of  an  impulse  wheel  d. 
.  Corresponding  to  these  three  ways  of  utilizing  the  energy 
of  the  falling  water,  hydranlic  motors  are  divided  into  three 
classes:  ( 1 )  gravity  motors,  in  which  the  weight  of  the  water 
is  used;  (2)  pressure  motors,  in  which  the  pressure  of  the 
water  is  used;  (3)  velocity  motors,  in  which  the  impulse  of  a 
moving  jet  is  the  motive  force. 

2.  AvnUttblc  Knprsr.v. — In  each  case,  let  (7  be  the  weight 
of  water  in  pounds  used  in  some  given  interval  of  time.  In 
case  the  water  is  used  to  turn  the  wheel  n,  the  weight  G 
simply  descends  a  vertical  distance  /*  and  the  work  done  is 
G A  fool-pounds.  Let  the  water  used  per  stroke  in  the  cylin- 
der f>  be  G  pounds,  and  let  .-{  denote  the  piston  area  in  square 
feet  and  /  the  length  of  stroke  in  feet.  Then  .-f/  is  the 
volume  of  water  used  per  stroke,  in  cubic  feet,  and  /*.// 
is  the  work  per  stroke,  where  /* denotes  the  pressure  on  the 
piston,  in  pounds  i>er  s<]«are  foot.  If,  now,  //  denotes  the 
weight  of  a  cubic  fool  of  water  and  G  pounds  of  water  are 
used  per  stroke,  G  -i-  //  in  the  volume  used.     Then, 

-^  =  A/;  also. />=  //A 
n 

Hence* 
work  per  stroke  =  P-KAl^Hhx^'=  Gh  foot-pounds 

Consequently,  in  discharging  G  pounds  of  water  from  the 

higher  to  the  lower  level  through  the  cylinder  b,  the  work 

done   is  also    Gh    foot-pounds.     Finally,   the    water    issues 

from  the  nozzle  c  with  a  velocity  r,  and  the  kinetic  energy 

G'<* 
of  G  pounds  moving  at  this  speed  is   ^ '    foot-pounds.     But 

2.4r 
in  the  case  of  frictionless  6ow  through  the  tube  and  nozzle. 

the  theoretical  velocity  is  v  =  ^'2JeA.  whence  ^—  ^  h  and 

the  energy  is  again  Gk  foot-pounds.  This  leads,  therefore, 
to  the  following  important  principle:  Tht  available  energy  of 
a  weight  of  ivaier  G  ialling  ihrougfi  a  height  h  is  the  product  Gh, 
whether  the  water  acts  by  weight,  pressure,  or  impulse. 
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3,  Power  of  n  Full  ot  Water. — Lei  Q  denote  the 
quantity  of  water,  in  cubic  feet,  flowing  in  1  second,  and 
let  //  denote  the  fall,  in  feet.  The  work  done  in  1  second 
is  Gh  foot-pounds  =  02.5  QA  foot-pounds,  as  water  weighs 
approximately  62.5  pounds  per  cubic  foot.  Now,  1  horse- 
power is  the  performance  of  33.000  foot-ponnds  of  work  per 
minute,  or  33,000  ~  tiO  =  550  foot-pounds  per  second;  hence, 
the  theoretical  horsepower  of  a  given  fall  of  water  may  be 
expressed  by  the  formula 

H.  P.  =  ^^^^^'  =  .1136^>5 

ExAMPLK. — A  fiiiine  leading  from  a  dam  has  a  fall  of  3.')  feel,  and 
discharges  IJIO  cubic  (ect  of  water  per  mintitt.-;  what  t&  the  theoretical 
horsepower? 

SoLtrriON.—    ^  -  510  +  60  =  .1.5.  and  h  =  .^5;  hence. 

H.  P.  =  .1136  QA  =  .1130  X  3.5  X  35  =  13.916.     Ans. 

4.  Kfflok-ncy. — No  motor,  however,  can  utilize  all  the 
power  in  the  fall  of  a  given  wcicht  of  water.  Part  of  the 
energfy  is  lost  in  overcoming  the  resistances  due  to  the  fric- 
tion of  the  water  as  it  flows  through  the  gates  and  channels 
leading  to  the  motor;  part  is  absorbed  in  shocks  and  eddies, 
and  in  the  friction  of  the  water  as  it  pa.s.scs  through  the 
motor;  and  part  is  lost  in  the  form  of  velocity  as  the  water 
leaves  the  motor,  or  as  it  falls  from  the  motor  to  the  lower 
level  of  the  water.  Besides  the  above  losses,  due  to  resist- 
ances to  the  motion  of  the  water,  the  mechanical  losses  due 
to  the  friction  of  the  motor  itself  must  be  taken  into  account. 

The  efflcloncy  of  a  motor  is  the  ratio  of  the  actual  work 
it  will  do  to  the  theoretical  work  in  the  water  used.  Thus, 
if  the  actual  work  done  by  a  waierwheel  is  equal  to  750  horse- 
power, when  the  theoretical  work  that  the  water  would  do  is 
equal  lo  1,000  horsepower,  the  efficiency  of  the  wheel  is 
750  ^  1,000  =  .75  =  75  per  cent. 

ExAMPLB. — What  is  the  ediciency  of  a  waterwheel  that  delivers 
24  borftepower  when  using  660  pounds  ol  water  per  second  with  a  head 
of  25  feet? 

Sor-tmoK.— The  theoretical  power  is  -5^-  =  30  H.  P.;  there- 
fore, the  efficiency  is  '-'4  ^  30  —  .80  =  KO  per  cent.     Ans. 
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5.  Power  Ti-Hiisniltted  by  a  WMer  Main. — When 
water  flows  through  a  main,  part  of  the  head  A  is  lost 
becanse  of  the  friction.  If  this  lost  head  is  denoted  by  A/, 
the  net  head  is  A  —  hr,  hence,  the  horsepower  delivered  at 
the  end  of  the  main  is 

H.  P.  =  .1136  (?(A-/;,) 

Without  friction,  the  horsepower  is  that  given  by  the  for- 
mula of  Art.  3;  hence,  the  efficiency  of  the  transmission  is 


h-hi 


1- 


A, 


6.  Enoriry  of  a  Jet. — As  stated  in  Art.  2,  the  theoretical 
anergy  of  G  pounds  of  water  moving  with  a  velocity  of  v  feet 

per  second  is  -r—  foot-pounds.     If  h  denotes  the  head  on 

the  orifice,  Fig.  1,  theoretically  v  ^  V2^A;    actually,  how- 
ever, V  —  c  S2gh,  where  c  denotes  a  coefficient  known  as  the 

coefficient  of  velocity;  hence.  ~    =  c'A,  and  — ^  =  c*  Gh. 

Let  A  denote  the  area  of  the  cross-section  of  the  jet  in 
square  feet,  and  H  the  weight  of  a  cubic  foot  of  water;  then 
the  weight  of  water  discharged  per  second  is  G  —  HA  v  and 

the  energy  E  of  this  quantity  per  second  is   '^-,  or  c'Gh, 

Substituting  the  vah;e  of  (7,  the  formulas  become 

HAv' 

and  E  =  c*I/Avk  (2) 

Since  E  is  the  work  the  jet  is  capable  of  doing  in  1  second, 

the  horsepower  of  the  jet  is  ^—zr^^',  and  by  substituting  the 

ooO 

value  of  G  the  formula  becomes 

c*HAvh 


E  = 


(1) 


H.  P.  = 


550 


(3) 


It  should  be  noted  that  the  area  of  the  jet  is  not  neces- 
sarily the  area  of  the  orifice  from  which  the  jet  issues,  as 
explained  in  Hydraulics^  Part  1. 
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The  efficiency  of  the  jet,  that  is»  the  ratio  of  the  actual 


energy  to  the  theoretical  energy,  is ' 


Gh 


-  c . 


Example. — In  a  test  of  an  impulse  waterwheel,  the  discharge  from 
the  nozzle  was  found  to  be  2. HIS)  cubic  feet  per  second  and  the  effective 
head  was  384."  feet,  (a)  Taking  c  =  .08,  calculate  the  horsepower  of 
the  jet.  (i)  The  horsepower  developed  by  the  wheel  was  found  to  be 
107.4;  what  was  the  efficiency  o(  the  wheel? 


Solution. —  (a)  Substituting  in  formula  3) 
■96'  X  62.5  X  2.819  X  3«4.7 
66b 
actual  H.  P  107.4 


H.  P. 


118.36.    Ans. 


(*) 
ceot. 


Efficiency  = 
Ans. 


theoretical  U.  P.        118.36 


=  .9074   -   90.74    per 


7.     Pressure  IJue  to  liD|>net  or  a  Jet. — Let  a  jet  of 

water  strike  a  surface  inclined  at  an  angle  n  with  the  original 
direction  of  the  jet,  as  shuwn  in  Fig.  2.  The  surface  is  sup- 
posed to  be  perfectly  smooth,  so  that  there  is  no  loss  from 
shocks  or  friction,  and  the  water  is  prevented  from  spread- 
ing sidewise.  Under  these  conditions,  the  velocity  f  with 
which  the  water  leaves  the  surface 
is  equal  to  the  velocity  v  that  it 
had  when  it  struck. 

The  impact  of    the  water  pro- 
duces  a  pressure   on   the  surface    ^^^^^fc^^^P^^_^ 
that  tends  to  move  it.     Let  P 
denote  the  component  of  this  pres-  ^'°"  ^ 

sure  in  the  direction  of  the  jet,  and  let  M  be  the  mass  of 
the  water  that  issues  in  1  second.  On  leaving  the  nozzle, 
the  momentum  of  this  mass  is  ^fv\  but  on  leaving  the 
surface  the  velocity  component  in  the  direction  of  the  jet 
is  V  cos  a,  and  the  momentum  in  the  same  direction  is  there- 
fore Mv  cos  a\  the  mass,  therefore,  has  its  momentum  in 
the  direction  of  the  jet  decrea.sed  by  the  amount  Mv  —  Mv 
cos  a  =  Mv{,\  —  cos  a).  This  change  of  momentum  must 
be  caused  by  the  reaction  of  the  surface  against  the  jet  in 
the  direction  of  the  jet.  This  reaction  is  of  course  equal  to 
^^  and  opposite  to  the  pressure  P.  From  the  principles  of 
^B      mechanics,  the  change  of  momentum  is  equal  to  the  impulse, 


6 
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which  is  /*/,  in  which  t  is  the  lime  in  seconds  through  which 
the  force  acts.     Then,  Pt  =  Mv{\  —  cos  «).    The  time  /  is 

taken  as  1  second  so  that  P  =  Af vil  —  cos  a);  but  Jtf  =  — ; 


hence, 


/*  =    —(1  —  cos  a) 


Example.— A  jet  whose  cross-section  is  I  square  inch  flows  with  a 
velocity  of  7-S  Eeet  per  second,  and  strikes  a  surface  that  changes  its 
directtoi]  Ilo";  what  pressure  is  exerted  oii  tlii:  surface  in  the  direction 
of  the  jet  before  Ktriking? 

Solution. — From  the  above  formula,  by  Kubslitnting, 

J.  _  ZiX^3J  ^  ^5_  x(l  -  .81.15)  =  13.73  lb.     An,. 

8.     I'rcsmirp  on  n  Flat  Surface  lit  Itl^ht  Aiiglps  to 
tliL- Jet.— When  the  surface  is  at  riyht  angles  lo  the  jet, 
as  shown  in  Fig.  3,  a  =  !)0°  and  cos  a  =  cos 
JM)°  =  0;  in  this  case,  therefore,  the  formula  of 
Art.  7  reduces  to 


p  =  ^ 


(1) 


As  the  jet  issues  from  the  orifice,  there  is  a 

reaction  on  the  vessel  from  which  it  issues,  whi(^ 

'''«■  3         is  just  equvil  to  the  pressure  that  is  produced  by 

the  jet  as  it  strikes  the  vertical  surface.     The  effect  of  the 

reaction  and  pressure  of  a  jet  may  be  shown  by  experiment 


J i± 


Pta.  4  Fin.  5 

as  follows:  Lei  the  vessel  be  placed  on  rollers,  as  shown  in 
Fig.  4,  in  such  a  way  that  a  very  slight  pressure  will  produce 
motion.     When  the  water  issues  from  the  orifice,  as  shown, 
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the  vessel  will  begin  to  move  in  the  opposite  direction.     If 
there  were  no  friction,  a  spring  balance  attached  to  the  vessel, 

Gv 


as  shown  at  a,  would  show  a  puU  equal  to 


Now,    \i   a 


plate  is  fastened  to  the  vessel  as  shown  in  Fig.  5,  so  that 
the  jet  strikes  it,  the  pressure  exerted  by  the  jet  on  the  plate 
will  equal  the  reaction  of  the  jet  on  the  vessel,  and  there  will 
be  no  motion. 

If  the  plate  is  perfectly  smooth,  so  that  there  is  no  loss 
from  friction,  the  velocity  of  the  water  as  it  leaves  the  plate 
will  be  the  same  as  the  velocity  with  which  it  struck,  and 
there  will  be  no  change  in  the  energy  contained  in  the  water. 
The  velocity  in  the  direction  of  the  'jet  has  been  entirely 
overcome  and  changed  to  pressure,  but  since  .this  pressure 
produces  no  motion,  no  work  is  done. 

As  in  Art.  6,  let  G  =  MAv,  and  — -  =  c* k;  then, 

p^Gv  ^  HAf  ^  2c'HAh  (3) 

Ji  g 

The  hydrostatic  pressure  exerted  on  an  area  <4  by  a  head  h 
is  equal  to  H A  h\  it  appears  therefore  that,  with  r  equal  to 
one,  the  reaction  of  a  jet,  whose  area  is  a  and  whose  velocity 
of  flow  is  produced  by  a  head  //,  is  twice  the  hydrostatic 
pressure  that  would  be  produced  on  the  same  area  by  the 
same  head. 

Example. — The  area  of  a  jet  Erom  the  side  of  a  vessel  is  2  square 
inches,  the  hend  on  the  center  of  the  orifice  is  10  feet,  and  the  coeffi- 
cient u(  velocity  is  .98.  (o)  What  pressure  will  the  jet  citfrt  when  it 
impinges  un  a  vertical  plane  surface?  (A)  Whui  is  the  pressure  on  the 
vessel  due  to  the  reaction  of  the  jet? 

SoLCTiOK.— Using  formula  3, 

2 


(a)  /»  =  2  X  .98'  X  ft2.5  x  7^  X  10  =  lfl.67  lb.    Ans. 

(d)     The  reaction  is  equal  to  the  pressure  /'.     Ans. 

9*     Pressure   of    a   Jet    on    a    lleint^plierlcal    Cup. 

If  the  water  strikes  into  a  hemispherical  cup,  as  shown  in 
Fig.  6.  the  direction  in  which  it  leaves  the  cup  makes  an  angle 
of  180°  with  the  direction  of  motion  of  the  jet.  The  cup  is 
supposed  to  be  smooth,  so  that  there  is  no  loss  of  velocity 
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or  energy.    Then,  since  a  =  180°,  cos  a  =  —  1  and  1  —  cos  a 


l-(-l) 


2,  which,  substituted  in  the  formula  of  Art.  7, 
gives  for  the  hemispherical  cup 
26^2; 


^ 


P  = 


g 


that  is,  fhg  press^ure  is  twice  as  great  as  when 
the  jet  strikes  a  Hat  plate  at  right  angles  to 
the  direction  al  Us  motion. 


vm.  fi  ExAMi-LH.— If  the  jet  in  the  example  of  Art.  1 

strikes  a  hemtepherlcal  cup,  so  that  its  direction  is  changed  ltiU°,  what 
\&  the  pressure  exerted? 

Solution. — Substituting  in  the  formula, 

75 


2XI^^4^X 


32.10 


=  151.83  1b.    Ans. 


10.     Pressure    on    Moving    8nrriiccs    Duo    to    .TetR. 

Suppose  the  plate,  Fig.  3,  to  be  moving  away  from  the 
nozzle  with  a  velocity  of  u  feet  per  second.  The  absolute 
velocity  of  the  jet,  or  its  velocity  relative  to  the  iixed  nozzle, 
being  :■,  its  velocity  relative  to  the  moving  plate  is  v  —  «. 
The  one  plate  considered  will  soon  move  beyond  the  influ- 
ence of  the  jet.  If,  however,  the  plate  is  one  of  a  serier. 
of  pjates  that  follow  each  other  in  rapid  succession,  as  in 
waterwheels,  the  pressure  of  the  water  acts  continuously. 
The  effect  then  is  the  same  as  though  the  plates  were 
stationary  and  the  jet  had  the  velocity  (v  ~  u).  The  pres- 
sure on  the  plate  in  the  direction  of  the  jet  is  obtained 
by  merely  substituting  the  relative  velocity  {v  —  u)  for  the 
velocity  v  in  the  formula  of  Art.  7,  thus: 


{v  —  u){X  —  cos  a) 


(1) 


For  a  series  of  flat  plates  at  right  angles  to  the  jet,  a  =  90°, 
cos  a  —  0,  and  the  formula  becomes 

P=^'-{,'-u)  (2) 

For  a  series  of  hemispherical  cups  like  that  shown  in  Fig.  6, 
a  —  180°,  cos  a  =  —  1, 1  —  cos  a  =  2,  and  the  formula  becomes 


'iv-u) 


(3) 
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1  ].  Work  Done  by  Jets  Iinpliiftlnff  on  Movtugr  Bur* 
faces. — The  surface  moves  «  feet  per  second  and  the  force 
acting  on  it  in  the  line  of  its  motion  is  P.  The  work  done 
per  second  is  therefore  Pu  foot-pounds.  Substituting  for  P 
the  expressions  given  in  formulas  2  and  3  of  Art.  10,  and 
denoting  by  W  the  work  done  per  second. 

W  =  — '(:.  -  a)  for  flat  plates 

g 

and  W  =  — ^-(f  —  «)  for  hemispherical  cups 

From  Art.  6,  the  energy  of  the  jet  is  -J—  foot-pounds  per 
second.     If  all  this  energy  is  utilized, 


\V  = 


but  if  the  work  done  on  the  plate  is  less  than  the  energy, 

where  e,  the  efficiency,  is  some  proper  fraction.    The  highest 
value  of  e  for  each  of  the  two  cases  jnst  mentioned  can  be 

found  by  taking  ^  I  ~  equal  to  the  values  of  the  work  done. 
For  a  jet  striking  a  flat  plate  at  right  angles,  — "iv  —  «) 


Multiplying    the   last    expres- 


^^  -^-,or«z.-«    =- 

sion  by  4,  iuv  —  4/<'  ■=  2fv\  or  4«*—  4uv  =  —  2ev\ 
Completing  the  square,  4u' —  4  uv -k- v'  ^  v' -'2ev',  and 
taking  the  square  root,  2u  —  v  =  ^v'  —  2r»"  =  v  VF—  2e. 
In  order  that  the  quantity  under  the  radical  shall  not  be 
DCgaiive,  2<r  must  not  exceed  1,  or  c  must  not  exceed  \. 
I^Tencc.  when  a  jet  impinges  on  a  scries  of  flat  plates,  not 
more  than  one-half  of  the  energy  of  the  jet  is  utilized,  or,  in 
other  words,  the  efficiency  cannot  exceed  50  per  cent.    When 

^  =  4. 

rVl  -2tf  =  0; 
and,  therefore,  2  «  —  z^  =  0; 

or,  u  ^  iv. 
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eV 


For    hemispherical   cups,-   -"  (f  —  «)  =  ^  « — »    or    2uv 


Multiplying   by  2,   ^uv  —  An*  =  ev*\    com 


pleting  the  square,  4  «*  —  4  « :/  +  t/'  =  r"  —  ^w"  =  w*(l  —  e)\ 
extracting  the  square  root,  2u  —  v  =  r  Vl  —  ^■.  With  hemt- 
sphcrical  cups,  therefore,  the  highest  possible  efficiency  is 
when  ^  s=  1,  which  makes  v\l  —e  ^  0;  in  which  case,  2« 
—  V  =  0,  or  «  =  ^Z'.  Hence,  whrn  the  velocity  of  the  cups  is 
one-halt  the  velocity  of  the  impingivg  jet,  the  efficiency  is  unity, 
that  is,  the  entire  enet-gy  of  the  jet  is  utilised  in  moving  the 
cups. 

If  the  whole  energy  is  thus  utilized,  the  absolute  velocity 
of  the  water  leaving  the  cup  must  be  zero.  That  this  is  true 
is  readily  seen;  for  the  water  leaves  the  cups  witli  the 
velocity  i'  —  «  backwards  and  the  cup  is  moving  forwards 
with  the  velocity  u;  the  absolute  velocity  of  the  water 
is  therefore  u—  (u  — w)  =  2k  — p,  and  this  is  zero  when 
u  =  ^v.  Of  course,  in  the  actual  case,  there  is  friction,  so 
that  these  high  values  cannot  be  fully  attained. 


ICXAMPLE8    FOR    PRACTICE 

1.  \t  a  stream  discharges  120  cubic  feet  of  water  par  roiaate  with  a 
UJI  of  50  feet,  whftt  work  is  it  theoretically  alile  to  do? 

Ans.  375.000  ft. -lb.  per  min. 

2.  What  is  the  horsepower  corresponding  to  the  work  io  example  1  ? 

Ans.  IIA  H.  P. 

!I.  If  4A0  pnnods  of  water  is  discharged  each  minute  from  an  oHHce 
under  a  head  of  HO  feet  and  the  coefKcfent  of  velocity  is  AfcS,  what  is  the 
horsepower  equivalent  to  the  ener^}'  in  the  jet?  Ans.   I.W8  K.  P, 

4.  If  Die  jet  in  example  '\  impinges  on  a  plane  surface  at  right 
uncles  to  Its  direction  of  motion,  what  pressure  does  it  exert? 

An«.  1B.4  lb. 

5.  A  jet  of  water  flows  from  a  nozzle  under  a  head  nf  100  feet  with 
a  coefficient  of  velocity  of  .ItS,  and  impinges  on  a  series  of  moving 
hemispherical  cups;  what  must  be  the  velocity  of  a  cup  in  order  that 
the  water  will  leave  it  with  no  absolute  velocity?    Ans.  3^1,3  ft.  per  sec. 


a  smaH  amount  of  the  work  is  done  by  the  impact  of  the 
water  as  it  enters  the  buckets,  but  much  the  greater  part  is 
done  by  the  weight  of  the  water  as  it  descends  in  the  buckets. 
Fig.  7  shows  two  views  of  an  overshot  wheel  with  curved 
iron  buckets.    The  water  is  brought  out  to  the  crown  C  by  a 

17»— 10 
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trough,  or  sluice,  A,  which  may  be  curved  toward  the  wheel. 
It  should  be  so  placed  that  the  water  will  enter  the  first, 
second,  or  third  bucket  from  (he  vertical  center  line  of  the 
wheel.  The  thickness  of  the  sheet  of  water  in  the  trough 
should  not  exceed  6  or  8  inches.  The  sides  B  of  the  trough  ■ 
are  extended  far  enough  beyond  the  vertical  center  line  to 
insure  the  filling  of  several  buckets  when  the  wheel  is  to  be 
started. 

The  supply  of  water  to  the  wheel  is  regulated  by  a  gate  in 
tlie  sluice,  as  shown  at  /y.  This  gate  is  generally  operated 
by  hand,  but  may  be  operated  by  an  automatic  governor. 

An  example  will  best  illustrate  the  losses  to  which  the 
overshot  wheel  is  subject.  Suppose  the  total  fall  //",  Fig.  7, 
to  be  20  feet.  It  may  be  assumed,  as  a  6rst  approximation, 
that  the  diameter  D  is  16  feet.  In  order  that  the  centrif- 
ugal force  acting  on  the  water  in  the  buckets  will  not  cause 
too  much  spilling,  the  circumferential  speed  »  should  not  be 
too  great.     A  good  value  of  u  is  given  by  the  formula 

whence,  in  this  case,  w  =  'V2  X  16  s=  5.6  feet  per  second. 
The  velocity  v  of  the  water  entering  the  buckets  should 
be  about  double  the  velocity  n  of  the  buckets;  hence, 
y  s;  2  X  ■1-6  —  11.2  feet  per  second.  The  head  to  produce 
this  velocity  is 

»  =  ;;-=  ;: — „„    „  =  1.05  teet 
2g      2  X  32.16 

Adding  10  per  cent,  for  frictional  losses  in  the  sKiice  gate, 
h  =  2.15  feet.  Now,  according  to  Art.  11,  not  more  than 
60  per  cent,  of  the  kinetic  energy  of  the  stream  due  to  the 
head  A  can  be  utilized;  hence,  the  loss  of  head  at  this  point 
is  at  least  I  h,  or  l.OK  feet. 

The  distance  from  the  middle  of  the  stream  to  the  center 
of  gravity  of  the  buckets,  which  may  be  taken  as  1  foot,  is  a 
further  loss.  The  water  discharges  from  the  buckets  before 
reaching  the  lower  level,  which  is  a  third  source  of  loss. 
The  magnitude  of  this  loss  depends  on  the  form  of  the 
buckets,  but  it  varies  frum  .VI  />  to  .2  />.  Taking  this 
as  .15  A  the  loss  of  head  is  .15  X  Hi  =  2.4  feet. 
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Finally,  there  is  usually  a  clearance  between  the  wheel  and 
the  water  in  the  tailrace,  and  this  constitutes  a  fourth  loss  of 
head.  Assuming  this  clearance  to  be  6  inches,  or  .5  foot,  the 
total  loss  of  head  is  1.08  feet  +  1  foot  +  2.4  feet  +  .5  foot 
=  4.98  feet,  say  5  feet.  The  effective  head  is,  therefore, 
20  feet  —  5  feet  =  16  feet,  and  the 


efficiency  = 


net  head        16  feet 


=  .76  =  75  per  cent. 


total  head  20  feet 
The  efficiency  of  the  overshot  waterwheel  ranges  from  70 
to  90  per  cent,  in  we  11 -constructed  wheels.  When  the  supply 
of  water  is  smalt,  as  duringf  a  drought,  the  buckets  are  only 
partly  filled;  hence,  the  loss  from  the  water  leaving  the 
buckets  too  early  is  reduced,  and  the  efficiency  of  the  wheel 
is  increased. 

13.     llrcn**t  Wlipels,^ — The  brenst  %vheel  is  used  where 


V'^'i^^ 


r\ 


Pio.  It 
He  fall  is  too  low   for  an   overshot  wheel. 


WMf'/M^;^^ 


As   shown  in 

Fig.  8,  the  water  flows  through  ati  opening  in  a  reservoir  or 
sluice  and  enters  the  wheel  somewhat  below  a  horizontal 
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plane  tbrough  the  center  of  the  wheel.  The  size  of  the  open- 
ing is  reguUted  by  the  gate  G.  In  breast  wheels,  the  water 
acts  more  largely  by  iis  impulse  than  in  overshot  wheels,  but 
generally  the  greater  part  of  the  action  is  due  to  the  weight  of 
the  water.  The  efficiency  of  a  breast  wheel  ranges  from  50 
to  70  per  cent.,  the  smaller  value  applying  to  the  smaller  sizes. 

14.     Unilen*hot    Wheels. — The    undershot    wheel  is 

used  for  falls  of  6  feet  or  less.  The  least  efficient  form  has 
straight  radial  floats,  as  shown  in  Fig.  9,  that  are  acted  on 


'  o  o  o  ' 


O-C 


I    ,    I 


"ir~r 


-I  ■  I  ■  lu^^ 


Piu,  G 

directly  by  the  current  of  a  swiftly  fiowing  stream.  In  this 
case  the  water  acts  only  by  impulse,  and  the  efficiency  is 
seldom  greater  than  25  per  cent.  The  dimensions  of  these 
wheels  may  vary  from  12  feet  to  24  feet  in  diameter  and  ihey 
may  have  from  twenty-four  to  forty-eight  floats.  The  deptli 
of  the  floats  for  best  effect  should  be  at  least  three  times  the 
depth  of  the  stream.  The  velocity  of  the  circumference  of 
the  wheel  should  be  about  one-half  the  velocity  of  the  water 
in  llie  stream;  the  depth  of  the  stream  should  be  from  4  to 
6  inches,  and  the  depth  of  the  floats  12  to  20  inches.  There 
should  be  as  little  clearance  as  possible  between  the  floats 
and  the  bottom  and  sides  of  the  race. 
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H.P.  = 


A  formula  for  the  horsepower  that  may  be  develoi>ed  by 
the  use  of  an  undershot  wheel,  such  as  has  been  described, 
is  easily  derived. 

By  Art.  1 1,  the  work  of  the  stream  on  the  series  of  floats  is 

where   v  =  velocity  of  water  in  race,  in  feet  per  second; 

u  =  velocity  of  circumference  of  wheel,  in  feet  per 

second. 

If  Q  denotes  the  cubic  feet  of  water  flowing  per  second, 

then,  from  the  experiments  of  Smeaton*and  Bossut.  about 

.61  Q  is  the  quantity  striking  the  floats  under  usual  coadi- 

tions;  hence,  G  =  62.5  X  .61  Q,  and 

PV  ^    62^  X  .61  Quiv-u) 
550  560X32.16 

=  .00216  Qniv-u)  (1) 

For  a  paddlo  >%*hcol  suspended  in  an  unconfined  current) 
the  horsepower  may  be  computed  from  the  formula 

H.P,  =  .00282  Wu  «(»-«)  (2) 

^ where   v  =  velocity  of  current,  in  feet  per  second; 
u  =  velocity  of  circumference  of  wheel,  in  feet  per 
second; 
■         A  '^  area  of  immersed  portion  of  the  float,  in  square 
i  feet. 

■  ■ 


UAClirSKH   UTILIZING  THE   PRKHSURB  OF 

WATER 


16.  Jjosscsof  ICfftcIcncyln  Water  Motors, —Machines 
in  which  water  pressure  is  employed  as  the  motive  force  arc 
much  used,  especially  in  modem  shops.  There  arc  hydraulic 
jacks,  cranes,  and  elevators  for  hoisting,  hydraulic  presses 
for  baling,  flanging,  forging,  and  many  other  purposes;  and 
in  the  machine  shop,  hydraulic  punches,  shears,  riveters,  rail 
benders,  etc.  There  are  also  engines  and  pumps  driven  by 
high-pressure  water  instead  of  steam.  In  all  these  machines, 
the  water  is  introduced  into  a  closed  vessel  or  cylinder  and 
acts  on  a  movable  piston.     The  theoretical  work  done  is  the 
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product  of  the  weight  G  of  the  water  used  and  the  head  h 
corresponding  to  the  pressure;  that  is,  work  =  Gh. 

The  sources  of  loss  of  efficiency  are  as  follows:  (1)  Fric- 
tion of  the  water  in  mains  and  passages;  (2)  losses  due  to 
shock  when  the  water  changes  direction:  (3)  waste  of  water 
when  the  same  quantity  is  used  for  light  loads  as  for  heavy 
loads;   (i)   friction  of  the  mechanisij). 

16.  Water-Presfitire  Knprlnes. — An  oscillating  cylin- 
der engine  driven  by  water  is  shown  in  Fig.  10.  This  form 
is  much  used  in  Europe  for  domestic  purposes  and  for  small 
manufacturing,  where   only  a    small    amount    of    power    is 


.r^-w^- 
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desired.  It  consists  of  an  oscillating  cylinder  a,  which  turns 
about  the  center  of  the  cylindrical  valve  face  b  in  the  bed  c 
as  the  engine  runs.  The  piston  </  is  a  solid  piston  and  may 
be  made  water-tight  with  leather  packing.  The  rod  e  is 
guided  by  a  long  siuffingbox  in  the  end  of  the  cylinder  cover. 
The  bearings  /,  one  on  each  side  of  the  rod  c,  carry  the  crank- 
sliaft,  on  one  end  of  which  the  flywheel  j*^  is  fastened. 

In  this  engine,  the  cylinder  movx-s  while  the  valve  remains 
stationary.  There  arc  trunnions  on  each  side  of  the  cylinder 
with  their  centers  at  the  center  of  the  arc  forming  the  valve 
face  and  provided  with  screws  for  holding  the  cylinder  to  the 
valve  face.  There  are  three  ports  in  the  valve;  the  middle 
one  admits  the  water  first  to  one  end  and  then  to  the  other 


17,     A  type  of  engine  that  has  proved  satisfactory  in  the 
use  of  water  pressure  for  producing  rotary  motion  is  the 
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Brotherlio<Ml  tliree-eyllniJep  nnglne,  two  sectional  views 
of  which  are  shown  in  Fig.  U  (a)  and  {d),  the  one  being  taken 
parallel,  and  the  other  at  riyht  angles,  to  the  shaft.  It  con- 
sists of  three  cylinders  a  in  which  work  single-acting  pistons^. 
These  pistons  are  all  connected  to  a  single  crankpin  by  means 
of  the  rods  c.  The  water  is  admitted  to  the  cylinders  one 
after  the  other  by  the  circular  valve  2',  which  also  controls  the 
exhaust.  This  valve  has  a  lignum-vitfc  seating  and  is  rotated 
by  the  eccentric-pin  e  on  the  end  of  the  crankpin.  A  view  of 
the  face  of  the  valve,  showing  the  ports  i,  t\  is  given  at  .-/. 
These  ports  pass  over  the  passages  leading  to  the  cylinders, 
alternately  admitting  and  exhausting  the  water.  The  arrange- 
ment of  the  three  cylinders  at  angles  of  120°  secures  a  con- 
stant and  nearly  uniform  turning  force  on  the  crankpin  and 
makes  it  possible  to  start  the  engine  in  any  position. 

When  the  load  is  constant  and  the  engine  is  designed  for 
the  load,  a  hydraulic-pressure  engine  is  an  efficient  machine. 
As  ordinarily  constructed,  however,  the  efficiency  with  vari- 
able loads  cannot  be  high,  owing  to  the  fact  that  the  cylinders 
must  be  filled  with  water  at  each  stroke.  Throttling  the 
water  in  its  passage  to  the  cylinders  reduces  the  pressure  in 
them,  since  a  part  of  thfc  energy  due  to  the  pressure  of  the 
water  in  the  supply  pipe  is  expended  in  overcoming  resist- 
ance to  flow  through  the  partly  closed  valves.  This  energy 
docs  no  useful  work  and  is  therefore  lost.  A  number  of 
hydraulic  pressure  engines  have  been  designed  in  which  the 
stroke  of  tlie  piston  is  varied  to  correspond  with  the  work  to 
be  done.  In  this  way,  the  water  used  is  proportional  to  the 
work,  while  the  pressure  is  kept  constant,  and  the  efficiency, 
consequently,  is  more  nearly  constant  for  all  loads. 

18.  nydrtiullc  FIhiikIuk  Press, — A  press  for  flanging 
boiler  heads,  ship  plates,  etc.  is  shown  in  Fig.  12.  The 
plate  /  is  placed  on  a  table  i'  that  is  carried  by  two  small 
plungers  or  ranns  working  inside  the  small  cylinders  A,  A,  so 
that  the  table  can  be  lowered  when  required,  as  shown  by 
the  dotted  lines.  A  heavy  adjustable  t-rosshead  carries  a 
ring-shaped  die^,  made  to  the  form  in  which  the  plate  is  to 


I 


ram  h  and  the  plate  pressed  around  g,  as  shown.  By  this 
method,  plates  can  be  rapidly  and  accurately  flanged,  or 
pressed  into  any  desired  shape. 

IJJ.     Hydraulic*  Ulvoter. — Fig.   13  shows  a  stationary 
hydraulic  riveter  of  a  form  much  used  in  boiler  work.     It 
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consists  of  a  heavj?  frame  G  that  carries  the  ram  for  pressing 
down  the  rivet.  To  this  frame  is  bolted  the  utake  V,  which 
carries  the  die  w'  against  which  the  rivet  is  held  while  being 
subjected  to  pressure.  The  rivet  is  headed  by  bciny  coin- 
pressed  between  the  movable  die  n  and  the  fixed  die  «';  w  is 
a  ring-shaped  die  that  holds  the  plates  to  be  joined  against »' 
while  the  rivet  is  being  headed.  Water  for  operating  tlie 
machine  is  bruui^ht  in  through  the  pipe  r  and  is  admitted 
through  the  valve  v  to  the  cylinder  A  by  means  of   the 


\ 
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lever  A;  A"  is  a  stationary  piston,  and,  when  water  is  admitted 
to  A,  the  cylinder  that  carries  the  die  n  moves  toward  the 
rivet.  The  cylinder  ,  /  carries  a  smaller  cylinder  a,  in  which 
works  the  piston  k  ti>  which  the  ring  die  m  is  attached,  and 
when  water  is  admiited  in  .7  it  alsu  passes  into  a  Ihnmgh  the 
small  hole  a'  and  thus  forces  the  die  m  against  the  place. 
After  the  rivet  head  has  been  formed,  ihc  lever  h  is  moved  so 
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as  to  close  the  valve  v  and  open  7''.  The  water  is  then  dis- 
^  charged  from  A  and  a,  and  the  piston  k  and  cylinder  A  are 
forced  back  by  means  of  the  two  small  plungers  A\  and  A„ 
which  are  constantly  acted  on  by  the  water  brought  in 
through  the  branch  pipe  r,. 

20.     General  Formula  for  Pi*essure  MachliieM. — The 

principal  loss  in  slow-movine  hydraulic  machinery  is  that 
due  to  the  friction  of  the  packing  required  to  keep  the  water 
from  leaking  past  the  ram  or  piston.  This  friction  varies  con- 
siderably with  different  methods  of  packing  and  the  condition 
of  the  packing.  For  hemp  packing  in  good  condition,  the 
loss  from  friction  may  be  taken  at  from  3  to  8  per  cent,  of 

TABLE  I 


I 
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Dioineter  o(  Ram 

Frictinn 

Diameter  of  Ram 

Friction 

Inches 

Percent. 

lufhes 

Percent. 

3 

2.00 

13 

.33 

3 

t-ii 

U 

•30 

4 

l.OO 

M 

.28 

5 

.80 

IS 

.36 

6 

.66 

16 

^5 

7 

■57 

17 

.23 

m 

-50 

18 

^3 

■     ' 

.44 

ig 

.31 

■          lO 

.40 

20 

.20 

W       ri 

.38 

the  total  pressure.  When  the  packing  is  new  and  very  tight, 
the  loss  from  friction  will  be  grettly  increased  and  may  be 
as  high  as  2o  per  cent,  under  specially  unfavorable  conditions. 
Table  I  gives  the  results  of  experiments  on  the  friction  of 
leather  packing  on  rams  of  different  sizes. 

21.    To  find  the  net  pressure  exerted   by  the   ram  or 
plunger  of  a  hydraulic  press: 
Let   d  -  diameter,  in  inches,  of  a  hydraulic  piston  or  ram; 
G  =  weight,  in  pounds,  of  the  ram  and  attachments 
that  must  be  lifted  by  the  water; 
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Then,       P  =  .7854  Xd'Xpxil  - 


~o 


p  —  pressure  of  the  water,  in  pounds  per  square  inch; 
/  —  percentage  of  friction; 
P  =  net  pressure  exerted  by  the  ram. 

L) 

Example. — What  pressure  will  be  exerted  by  the  ram  of  a  hydranlic 
press  if  its  diameter  is  10  inches,  weight  1  ,riOO  pounds,  pressureof  water 
550  pounds  per  square  inch,  and  the  friction  .4  per  cent.? 

SoLtrrioN.— Applying  the  formula, 
P  -=  .7854  X  10'  X  560  X  (I  -  .001)  -  1.500  =  41.624  lb.     Ans. 

22.  To  find  the  pressure  per  square  inch  required  to  exert 
A  given  net  pressure,  when  the  diameter  and  weight  of  the  ram 
and  the  percentage  of  friction  are  given,  solve  for  /  in  the 
formula  of  Art.  21. 


I 


Then, 


.7864  rf 


•-i^r/oo) 


Example.— \Vhat  must  be  the  prej^ure  per  square  inch  on  the  hori- 
zontal rum  of  a  hydraulic  riveting  machine  if  the  diameter  of  the  ram 
is  I'J  inches,  the  pressure  required  to  head  the  rivet  80.000  pounds,  and 
the  friction  l\  per  cent.? 

Solution. — Since  the  rani  is  horizontal,  its  weight  does  not  act 
aj^ainst  the  presstire.  Then,  from  the  formula,  and  neglecting  the 
factor  C, 

80.000  -,a  ,.  . 

>*  =  .7t«H  X  l2-^I^:oi2R)  "  ^**  ^^'  P^""  ''''  "^-    ^'^""- 
23.     To  find  the  diameter  of  the  piston  or  ram  required  to 
exert  a  given  net  pressure,  solve   for  d  in  the  formula  of 
Art.  31. 


rf  = 


P-^G 


f.7854X;>X    1 


100/ 


GXAWPi.R. — What  must  be  the  diameter  of  the  ram  of  a  hydraulic 
crane  intended  to  lift  a  weight  nf  40,000  pounds,  the  weight  of  the 
moving  parts  of  the  crane  being  12.750  pounds,  the  pressure  7uO  pounds 
per  square  inch,  and  the  friction  2  per  cent.? 

SoLimoN.— Applying  the  formula. 

40.000  +  ViJ.'yQ 


V. 


7864  X7.WX(I  -  .02) 


=  O.'VG  in.    Ans. 
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124.  Accumulators. — U  is  not  often  that  a  natural  sup- 
ply of  high-pressure  water  is  available;  and,  therefore,  when 
it  is  not  available,  power-driven  pumps  are  used  to  produce 
the  extra  pressure  needed.  Sometimes  the  water  is  used 
direct  from  the  pumps;  but  when  machines  are  working  inter- 
mittently, some  arrange- V 
ment  is  needed  by  means  of  "^ 


I 
I 
I 


which  the  work  of  the  pumps 
may  be  stored.  The  device 
most  used  for  this  purpose 
is  the  accuiuulator. 

Fig.  14  shows  an  accumu- 
lator as  usually  constructed. 
There  is  a  hydraulic  cylin- 
der D  in  which  works  a  ram 
C,  At  its  upper  end,  this 
ram  carries  a  head  D,  from 
which  a  heavy  weight  A,  A" 
is  suspended.  The  weight 
may  consist  of  an  annular 
cylinder  filled  with  some 
heavy  material,  such  as  iron 
ore  or  scrap  iron,  or  it  may 
be  made  up  of  rings  of  cast 
iron.  Water  from  the  pumps 
enters  the  cylinder  through 
the  pipe -4,  and  the  hydraulic 
machines  draw  their  supply 
through  the  pipe  F.  When 
the  pressure  of  the  water  is  '%. 
great  enough,  the  ram  rises 
and  hfts  the  weight. 


0^ 


E  A 


H^ 


1~-B 


Pro.  u 
If  the  pumps  supply  more  water  than 


•  is  used  by  the  machines,  the  weight  is  lifted  until  it  strikes 
the  lever  G,  When  O  is  raised,  it  operates  the  rods  r,  r  and 
bell-crank  lever  /,  and  so  closes  the  valve  that  admits  steam 
to  the  pumps,  thus  stopping  them  until  enough  water  Is 
used  to  allow  the  weight  to  fall,  when  the  steam  valve  again 
opens  and  sets  the  pumps  in  operation. 


HYDRAULICS  § 

S-5.     Kncrjcy  StoreU  lu  an  Accumulator, — 

Let  p  «=  pressure  of  water,  in  pounds  per  square  inch; 

C  =  total  weight  of  ram  with  load; 

d  *s  diameter  of  ram,  in  inches: 

/  =  stroke  of  accumulator,  in  feet; 

Q  =  volume  of  water  used,  in  cubic  feet; 

m  =  number  of  minutes  in  which  Q  is  used; 

H.  P.  =  horsepower. 

Neglecting  the  friction,  which  is  small,  the  total  weight  of 

the  ram  and  its  load  equals  the  total  pressure  on  the  ram.  or 

(7=  .7854  (/V  H) 

From  which,  by  solving  for  the  pressure, 

(2) 


'^      .7864  d' 
Again,  solving  formula  I  for  d. 


(3) 


To  raise  the  ram  and  load  through  the  stroke  /  requires 
the  performance  of  (7/  foot-pounds  of  work;  hence,  the  stored 
energy  is 

E=GI,otE=  .UbAd'pi  (4) 

The  volume  of  water  in  the  cylinder  when  the  ram  is  at  its 


highest  point  is 


.7854^rf* 
144 


X  /  cubic  feel;  hence,  the  energy 


stored  per  cubic  foot  of   water  is 

.7854  d'p!  ^   "'^-^  ''*'  =  144  p  foot-pounds. 
144 


horsepower  is  therefore 


Then  the  number 


The  number  of  cubic  feet  required  per  minute  for  each 
33.0()0  ^  229.2 
144/>  p    ■ 

of  cubic  feet  for  any  horsepower  for  m  minutes  is  found  by 
the  formula 

229.2  m 

P 

ExAUPLB  I . — An  accumulator  is  requlrctl  to  supply  machines 
having  a  total  of  -t'l  horsepower  for  an  interval  of  15  seconds;  thr 
pressure  is  OX)  pounds  per  square  inch.  IE  the  ram  is  12  inches  in 
diameier,  bow  far  will  the  accumulator  fall? 


Q  =  H.P. 


(5) 


§27 


HYDRAULICS 


25 


239  3 

SoLirnoM.— For  1  H.  P.  per  min.  —^  cu.  ft.  is  required;  hence, 

for  45  H.  P.  for  J  luin.,  the  volume  required  is  found,  by  substituting  in 
formula  5,  to  be 

G  =  45x??^^-4.3cu.  ft. 

The  area  of  the  ram  is  .7854  x\*  ~  ."R''i4  sq.  ft.;  heace.  to  deliver 
4.3  cu.  ft.,  the  ram  must  fall  4.3  -i-  .78W  =  5.47  it.    Ans. 

Example  2.— In  example  1,  what  energy  coa  be  stored  in  the  accn- 
routator  if  its  stroke  Is  12  feet? 

Solution. — Ajjplying  formula  4» 

E  =  .785-1  X  l:^*  X  600  X  12  =  SI4,.tno  fl..|h.,  nearly.    Ans. 

BxAMPLK  3. — A    lO-inch    nccumuhitor   nun    u-ei^lis    ti,:i4U  pounds; 
with  what  wei^iht  must  it  bt:  loaded  in  orck-r  ihut  the  pressure  in  the 
cylinder  shall  be  2,000  pouuds  per  square  inch? 
SoLirrioH. — Applying  formula  1, 

G  =  .7854  (/'/>  =  -'^^^  ^  Itt*  X  2.000  =  157.080  lb. 
Since  the  ram  u-cigh>;  U,:{40  lb.,  the  load  must  be 

157,080  lb.  -  0,340  lb.  =  150,740  lb.     Aus. 


EXAMPLES    FOR    PRACTICE 

1.  What  pressure  will  be  exerted  by  the  ram  of  a  hydraulic  press  if 
ll  is  12  inches  ia  diameter,  the  weight  2,(X)0  pounds,  the  pressure  of 
water  600  pound.s  per  square  inch,  and  the  friction  .3:1  per  cent.? 

Ans.  tt-i.ttaft  lb. 

2.  An  8-tnch  accumulator  ram  weighs  4,320  pounds;  with  what 
weight  must  it  Ije  loaded  in  order  that  the  pressure  in  the  cylinder  may 
be  1.800  pounds  per  square  inch?  Ans.  80,158  lb. 

3.  What  is  the  energy  that  can  l>e  stored  in  an  accumulator  if  the 
diameter  of  the  ram  is  10  inches,  the  stroke  is  8  feet,  and  tlic  pressure 
is  500  pounds  per  square  inch?  Ans,  314,  UK)  ft. -lb. 
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MOTORS  IN  WHICH  THE  VKI>OCITY  OF  WATKR 
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IMI'Ur.HK    WIIKKI.S 

26.  An  iinptiUc  -wheel,  or  liurdy-fcurdy,  is  a  watT- 
wheel  that  has  a  number  of  vanes  or  buckets,  against  which 
a  jet  of  water  is  made  to  impinge  in  such  a  way  that  the 
velocity  and  direction  of  motion  of  the  water  are  changed  in 
its  passage  over  the  moving  vanes.     This  causes  the  water 
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to  press  against  the  vanes,  and  the  kinetic  energy  of  the  jet 
is  changed  to  work  according  to  the  principles  stated  in 
Art.   11. 

The  simplest  form  of  impulse  wheel  consists  of  a  wheel 
provided  with  a  series  of  flat  radial  vanes  around  its  circum- 
ference, similar  to  the  paddle  wheel  of  a  steamboat.  A  wheel 
of  this  kind  can  never  have  a  high  efficiency,  since  the  water 
must  leave  the  vanes  with  an  absolute  velocity  nearly  equal 
to  the  relative  velocity  with  which  it  strikes.  Experiments 
have  shown  a  maximum  efficiency  of  a  little  more  than 
40  per  cent,  for  this  kind  of  wheel. 

27.  The  Pelton  Waterwiieel.— The  Pelton  water- 
wriieel,  shown  in  I'is-  !•'>.  is  an  impulse  wheel  that  is  used 


Fi«.  ir. 

for  very  high  heads  and  comparatively  small  volumes  of 
water.  The  wheel  is  covered  by  the  casing  6,  The  water 
enters  at  v,  and  the  flow  is  regulated  by  the  valve  </,  operated 
by  the  hand  wheel  <?.  The  iet  from  the  nozzle  .*/  impinges  on 
the  raised  center  a  of  the  cups  f .  is  deflected  to  both  sides, 
and  finally  leaves  the  cups  in  a  direction  tangent  to  their 
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outer  edges.  In  this  way,  the  direction  of  the  motion  of  the 
jet  is  changed  nearly  180°;  and  when  the  velocity  of  the  cup 
is  equal  to  one-half  the  velocity  of  the  jet.  the  theoretical 
efficiency  of  the  wheel  is  100  per  cent.  Experiments  have 
shown  that  the  actual  efficiency  is  sometimes  nearly  90  per 
cent,  and  that  the  best  efficiency  is  obtained  when  the  actual 
velocity  of  the  cups  corresponds  nearly  to  the  theoretical 
velocity. 

The  loss  of  efficiency  is  due  to  the  friction  of  the  water  in 
passing  through  the  cups  and  the  energy  that  is  lost  in  the 
absolute  velocity  of  the  water  when  it  leaves  them. 


Pig.  16 


28.  Fig.  16  shows  two  sections  of  the  cups,  and  the 
common  method  of  fastening  them  to  the  rim  of  a  cast-iron 
wheel.  The  inclination 
of  the  outer  edges  a  is 
such  that  the  water,  as 
it  leaves  them,  flows 
clear  of  the  wheel;  this 
is  done  so  that  the  water 
will  offer  no  resistance 
to  the  motion  of  the 
wheel  after  leaving  the 
cups.  The  faces  of  the  cups  are  also  inclined  to  the  radius 
of  the  wheel,  as  shown,  in  order  to  give  the  water  a  slight 
tendency  to  flow  away  from  the  center  of  the  wheel  as  it 
reacts  from  the  cups.  The  outer  edges  of  the  cups  are  made 
sharp*  so  as  to  offer  as  little  resistance  to  the  water  as  pos- 
Bible,  and  the  inside  surface  is  sometimes  finished  for  the 
"purpose  of  reducing  the  loss  by  friction. 

A  wheel  that  acts  on  the  same  principle  as  the  Pelton 
wheel  is  the  Ix^ffel  casciuie  whcul.  The  Pelton  and  Leffel 
cascade  wheels  are  seldom  used  for  heads  of  less  than  50  feet, 
but  are  applicable  to  falls  of  any  greater  height.  A  number 
of  wheels  are  in  use  under  heads  of  more  than  2.000  feet. 
They  are  specially  applicable  to  mountain  streams  with  high 
heads  and  small  quantities  of  water,  conditions  that  exist  in 
the  mining  districts  of  Western  America. 

173—11 
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29.  Culculatluiis  for  Impulse  Wheels. — The  circum- 
ferential velocity  of  an  impulse  wheel,  that  is,  the  actual 
velocity  of  the  cups,  depends  on  the  head,  and  hence  on 
the  velocity  of  the  jet.  With  a  properly  designed  nozzle, 
the  velocity  of  the  jet  will  be  nearly  that  due  to  the  pressure 
head  in  the  end  of  the  pipe,  and  the  best  efficiency  is  obtained 
when  the  velocity  of  the  cups  is  about  one-half  the  velocity 
of  the  jet. 

The  number  of  revolutions,  with  a  given  velocity  at  the 
circumference,  varies  inversely  as  the  diameter  of  the  wheel; 
if  is  therefore  possible  to  make  the  number  of  revolutions 
correspond  to  the  speed  of  the  machinery  to  be  driven,  within 
certain  limits.  In  accordance  with  this  principle,  wheels  are 
often  designed  so  as  to  run  at  a  speed  that  enables  them 
to  be  connected  directly  to  the  shafts  of  dynamos,  centrifugal 
pumps,  or  similar  machinery  without  the  use  of  belts  or 
gearing. 

RxAMPTJi  1. — Required,  the  diameter  of  an  impulse  wheel  ihat  is  lo 
be  dlrecily  connetied  to  the  shaft  of  a  dynamo;  the  pressure  head  is 
^7^*  feet,  the  tlynsimo  is  reqiiircd  to  make  H.'VO  revolution'^  per  rainute, 
and  the  coefficient  of  velocity  of  the  jet  is  .flS. 

SontmoN.— The  velocity  of  the  jet  is  .IW  Vlfr*  =  .98X8.03  V§75 
'^  KiO.;M    ft.    per   sec.     The    circamferential    velnciiy   of  the   wheel, 
therefore,  should  be  riO-W  -3-  2  =  fiTt.i;  ft.   per  «ec.,  or  (05.17  X  GO)  It. 
per  min.,  and  the  diameter  required  for  850  rev.  per  min.  is 
,         65.17  XfiO        ,  ,.,  ,.  lo-         A 

Let  c  =  efficiency  of  the  wheel; 

G  =  weight  of  water  used  per  second; 

A  =  head,  in  feet. 
The  work  done  per  second  is  eC/i  and  the  horsepower  is 

H    P   =  -^- 
650 

BxAMPLS  2. — In  example  1.  suppose  that  the  jet  has  a  diameter  ot 

li  inches  and  the  efficiency  is  .85;  what  is  the  horsepower  developed? 

aoLtrriON.— The  weight  (7=  -^^^^-*'- X  1TO.34  X02.6;  heace, 
by  subRtituting  in  the  above  formnla. 


H.P. 


^  X  .7m_X  {\\y  X  130..'^  X  G2  5  X  275 
144X660 


*=  29.5.    Ads. 


Water  is  brought  to  the  wheel  through  the  curved  pipe  yi, 
which  opens  into  the  revolving  head  /?.  From  7?,  the  water 
flows  through  the  nozzles  C  and  the  pressure  caused  by  the 
reaction  of  the  issuing:  jets  causes  the  head  ff  to  revolve. 
The  head  B  is  keyed  to  a  shaft  S,  from  which  the  power  is 
taken,  and  a  cup-lcathcr  packing  P  is  provided  to  prevent 
leakage  through  llie  joint  between  B  and  the  pipe  .-t. 
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The  eflSciency  of  the  simple  reaction  wheel   can  be  but 
little  more  than  50  per  cent.,   even    under    very    favorable 
conditions,  and   for   that    reason    it    is   not   now  used  as  a 
motor.     A  familiar  example  of   the   simple   reaction  wheel    _ 
is  the  revolving  lawn  sprinkler. 

31«     Efficiency  of  Reaction   Wlicela. — In  Art.  8,  it: 
was  shown  that  the  reaction  of  the  jet  on  the  vessel  fron». 

which  it  issues  is    -^  pounds,  provided  that  the  vessel  is  at 

g 
rest.     If,   however,   the  orifice  has  a  speed  of  n   feet  per 
second,  while  the  speed  of  the  jet  relative  to  the  orifice  is 

V  feet  per  second,  the  reaction  is  --(r  —  «)  pounds,  according 

to  Art.   10,  and  the  work  done  per  second  is  -  u{v  —  u] 

foot-pounds.     The  absolute  velocity  of  the  issuing  water  is 
{v  —  u)  feet  per  second,  and  the  work  wasted  per  second  is 

therefore  the  kinetic  energy  -     {v  —  w)'.     Hence, 
total  work  —  useful  work  +  lost  work 

2^  '^g  2^-  2^       ^2^ 


=  „^  (!'■-«') 


2^ 


Efficiency  = 


nsefnl  work 


total  work 


#(f'-«') 


^g 


luiv"  u) 


[v  -f  Ji)  (v  —  w) 
=     2k 

This  efficiency  becomes  theoretically  100  per  cL^nt.  when 
u  =^  V,  so  that  the  water  drops  withcjiii  velocity,  but  with 
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such  a  high  value  of  w,  the  friction  of  the  water  through  the 
nozzles  and  orifices  is  relatively  large.  In  general,  the 
efficiency  is  little  more  than  50  per  cent,  under  the  most 
favorable  conditions.  

TURBINES 

32.     Classification  of  Turbines. — The  name  tarblne 

is  given  to  a  waterwheel  that  utilizes  the  energy  of  water  by 
causing  it  to  flow  through  curved  vanes  or  buckets  on  which 
the  water  acts  either  by  impulse  alone,  or  by  both  impulse 
and  pressure.  Turbines  may  be  divided  into  two  chief 
classes: 

1.  impulse  turbines,  in  which  the  whole  available 
energy  of  the  water  is  converted  into  kinetic  energy  before 
it  acts  on  the  moving  parts  of  the  turbine,  the  water  striking 
the  turbine  blades  in  the  form  of  jets. 

2.  Reaction  turbines,  in  which  part  of  the  energy  of 
the  water  is  in  the  form  of  kinetic  energy  and  part  is  in  the 
form  of  pressure  energy. 

In  an  impulse  turbine,  the  water  flows  freely  into  the 
wheel  from  the  guide  buckets  in  the  form  of  a  jet,  whose 
velocity  is  produced  by  the  head  of  water  on  the  buckets, 
and  it  passes  over  the  wheel  vanes  without  filling  the  space 
between  them;  the  passages  through  the  wheel  are  always 
open  to  the  air,  and  consequently  the  pressure  in  the  space 
between  the  wheel  vanes  is  always  nearly  equal  to  the 
atmospheric  pressure;  the  acting  force  is  almost  entirely 
the  "pressure  due  to  the  impulse  of  the  jets  issuing  from  the 
guides. 

In  a  reaction  turbine,  the  passages  between  the  wheel 
vanes  are  always  completely  filled,  so  that  the  flow  is  said 
to  be  continuous.  The  pressure  and  the  velocity  of  the  water 
as  it  enters  the  wheel  may,  under  different  conditions,  be 
equal  to,  greater,  or  less  than  the  pressure  and  the  velocity 
due  to  the  head  on  the  wheel;  and  the  forces  that  act  on  the 
wheel  vanes  are:  (1)  a  certain  amount  of  static  pressure; 
(2)  the  pressure  caused  by  the  change  in  direction  of  the 
moving  water;  and  (3)  a  pressure  due  to  the  reaction  of  the 
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water  as  it  issues  from  the  vanes  of  the  wheel.  In  most 
cases,  the  greatest  of  these  forces  is  the  pressure  caused  by 
the  chanee  in  direction  of  ihe  moving  water  in  ils  passage 
through  the  wheel.  If  a  reaction  turbine  is  working  open  to 
the  air>  and  tlie  flow  from  the  guides  is  restricted  so  that  the 

passages  between  the  wheel 
vanes  are  only  partly  filled, 
it  becomes  an  impulse  tur- 
bine; hence,  the  same  wheel, 
under  different  codditions, 
may  work  either  as  a  reaction 
turbine  ur  as  an  impulse 
turbine. 

33.     Types  of  Turbliiee. 

Fig.  18  shows  a  cross-section 
of  an  out^^'urd-noiv  tur- 
bine, also  called  a  Fournpy- 
''"■•  ^  rou    turbine,    from    its 

inventor.  The  water  is  brought  in  at  the  center,  passes  out- 
wards between  the  curved  guide 
vanes  J3,  B  to  the  wheel  vanes 
C  Cand  is  discharged  at  ihe  cir- 
cumference of  the  wheel.  The 
flow  of  water  is  regulated  by  a 
cylindrical  gate  that  can  be 
raised  or  lowered  in  an  annular 
space  between  the  wheel  and 
guides. 

34.  In  Fig.  \S\  is  shown  a 
vertical  section,  and  in  Fig.  20 
a  cross-section,  through  the 
vanes,  of  an  Inward-riow,  or 
Frniit'Isi,  tiirblno.  Here  the 
water  enters  the  guides  li  from 
the   outside,  passes  inwards  to  Pm.w 

the  wheel  vanes  C  and  is  discharged  near  llie  center  of  the 
wheel.     These  wheels  are  often  placed  some  distance  above 
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the  level  of  the  tail-water,  as  shown,  and  discharge  into  an 
air-light  tube,  commonly  called  a  draft  tube.  The  wheel  is 
thus  in  a  position  that  makes  it  possible  to  inspect  and  repair 
it  easily,  while  at  the  same  time  it  util- 
izes the  total  fall. 

The  supply  of  water  in  the  wheel 
showp  in  the  figure  is  regulated  by  a 
gate  G  at  the  outlet  of  the  draft  tube. 

Outward-flow  and  inward-flow  tur- 
bines are  also  called  radial  iiirhliit's, 
since  the  general  direction  in  which  the 
watermoves  through  the  wheel  is  radial.  kio.  ao 

35,     In  Fig.  31  is  shown  a  downwiird-flo-w,  or  JoiivrI, 
turbine.     Here  the  general  direction  of  the  water  is  always 

parallel  to  the  shaft  ./,  or  axis; 
hence,  wheels  of  this  class  are 
also  known  as  Parallel-flow  and 
axial  lurlfinrs. 

The   water  usually   enters  the 


o 


) 


I  Fig.  2t  Fi*i,  -.'J 

guides  B  from  above  and  is  discharged  downwards  through 
the  wheel  C  into  a  draft  tube  D,  as  shown  in  the  figure.  The 
discharge  may  also  take  place  into  the  air  or  tail-water  with- 
out the  use  of  a  draft  tube. 

36.     Many  American  turbines  are  made  with  the  wheel 
vanes  so  curved  that  the  water  enters  the  wheel  in  a  radial 
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direction,  like  an  inward-flow  turbine,  and  is  discharged  in  a 
downward,  or  axial,  direction.  These  are  called  mix^d-flaw 
turbines. 

Fig.  22  shows  the  wheel  of  a  Ittvdon  inlxcMl-flow  tur- 
bine with  the  double  curvature  of  the  vanes.  This  wheel 
is  cast  in  one  piece.  The  band  a  serves  the  double  purpose 
of  strengthening  the  wheel  and  of  making  the  proper  form 
for  the  passage  of  the  water  through  the  lower  part  of  the 
wheel,  confining  it  on  all  sides. 
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37.  Pumps  as  llj-draullf  MtichlucK. — In  the  hydrau- 
lic machines  and  motors  so  far  described,  the  water  has 
acted  as  the  motive  force,  that  ts,  it  has  done  work  on  the 
moving  parts.  Another  class  of  hjrdraulic  machines  will 
now  be  considered,  in  which  the  moving  parts  do  work  on 
the  water,  either  in  raising  it  from  a  lower  to  a  higher  level 
or  in  forcing  it  through  pipes.  These  machines  are  called 
pumps. 

38,  lAtxXn^  uutt  Force  Pumps. — The  ordinary  llft- 
iti^  pump  is  sliowii  ill  Fi^.  'i-S,  and  the  force  puini>  in 
Fig.  24.  The  action  of  the  lifting  pump  is  as  follows:  Sup- 
pose the  piston  to  be  at  the  bottom  of  its  stroke;  then,  as  it  is 
raised  by  the  rod  S  it  tends  to  leave  a  vacuum  in  the  space 
below  it  and  the  atmospheric  pressure  on  the  surface  of 
the  water  in  the  well  forces  the  water  up  the  pipe  P  and 
through  the  valve  f.  When  the  piston  has  reached  the  top 
of  its  stroke,  the  space  below  it  is  filled  with  water.  When 
the  piston  starts  to  descend,  the  weight  of  the  water  in  the 
cylinder  forces  the  valve  /'  shut,  and  the  enclosed  water 
passes  up  through  the  valves  «.  u.  On  the  next  upward 
stroke,  the  valves  u.  n  close  and  the  water  above  the  piston 
is  forced  into  the  pipe  P'  ihrounh  the  valve  f.  At  each 
upward  stroke,  therefore,  a  quantity  of  water  equal  in  bulk 
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to  the  volume  swept  through  by  the  piston  is  raised  from 
the  well. 

The  action  of  the  force  pump  is  easily  seen  from  Fig.  24. 
During  the  upward  stroke  of  the  piston,  the  water  rises  in 
the  pipe  /*,  passes  through  the  valve  K  and  fills  the  cylinder. 
AVhen  the  piston  starts  to  return,  the  pressure  exerted  on  the 
water  by  the  piston  causes  the  valve   y  to  open,  and  the 

valve  y  to  close,  so  that  the  water 
is  forced  from  the  cylinder  into  the 
pipe  P'.  With  this  pump,  the  water 
may  be  forced  to  almost  any  height. 


["— ."— ,«^.  — .1 
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39.  DIrect-Aotliig  Stonm  Pump. — In  the  steam  pump 
shown  in  Fig.  25,  the  motive  force  is  steam  pressure  acting 
on  the  piston  £■.  This  piston,  the  rod  r,  and  the  plunger  p 
in  the  water  cylinder,  form  a  single  rigid  piece  that  recipro- 
cates, that  is,  moves  to  and  fro,  as  steam  is  turned  alter- 
nately into  the  two  ends  of  the  steam  cylinder.  The  plunger ;> 
slides  in  a  partition  /  cast  with  the  cylinder. 

Suppose  the  piston  and  plunger  to  move  toward  the  right. 
The  displacement  of  the  plunger  to  the  right  increases  the 
volume  to  the  left  of  the  partition  /  and  decreases  that  to  the 
right  of  /  by  the  same  amount.  In  consequence,  water  will 
flow  through  the  suction  pipe  c  into  the  chamber  k;  and 
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because  of  the  partial  vacuum  to  the  left  of  /,  will  lift  the 
tvalves  y  and  fill  the  space  lefi  vacant  by  the  motion  of  the 
plunger.  At  the  same  lime,  the  water  in  the  right  end  will 
be  forced  through  the  valves  v'  out  into  the  delivery  pipe  k. 
During  the  stroke  to  the  left,  the  action  is  reversed;  water 
flows  into  the  right  end  of  the  cylinder  through  valves  j  and  is 
forced  out  of  the  left  end  through  the  valves  v.  The  hand- 
hole  */  is  provided  for  examining  the  valves. 

This  pump  is  dottble-actinj^,  as  it  forces  water  during  both 
strokes.     The  pumps  shown  in  Figs.  23  and  24  are  single- 
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Of  ting,  because  they  pump  water  only  when  the  piston  n^^ves 
in  one  direction.  Lift  pumps  are  always  single-acting,  but 
force  pumps  are  sometimes  double-acting. 

40,  Air  Chfiinbors. — In  even  the  double-acting  pumps, 
there  is  an  interruption  of  the  How  at  the  end  of  the  stroke, 
when  the  piston  changes  its  direction  of  motion.  This  has 
the  effect  of  bringing  the  column  of  water  in  the  suction  and 
discharge  pipes  to  rest  at  the  end  of  each  stroke,  and  this 
column  of  water  must  be  set  in  motion  again  as  the  next 
stroke  is  made.  If  the  pipes  are  long,  the  force  required  to 
stop  and  start  the  water  will  be  very  great,  and  there  will  be 


HYDRAULICS 


37 


a  severe  shock  at  the  end  of  every  stroke  that  will  absorb 
power  and  subject  the  pump  and  pipes  to  great  pressures. 

This  difficulty  is  removed  and  the  flow  through  the  pipes 
is  made  more  continuous  and  steady  by  the  use  of  an  air 
chiiintiei*.  An  air  chamber  is  a  vessel  containing:  air,  and 
is  attached  either  to  the  pump  just  outside  of  the  discharge 
valves  or  to  the  discharge  pipe  near  the  pump,  as  shown  at  a. 
Fig.  25. 

The  water,  after  being  drawn  in  through  the  valves  s  is 
forced  by  the  plunger/  through  the  valves  v'  into  the  dis- 
charge pi|>e  //;  but  part  of  it  flows  into  the  air  chamber  a  and 
compresses  the  air  therein.  When  the  plunger  reaches  the 
end  of  its  stroke  and  no  more  water  is  being  forced  into  the 
discharge  pipe,  the  compressed  air  in  the  air  chamber  expands 
and  forces  the  extra  water  out  through  the  discharge  pipe. 
In  this  way,  the  air  chamber  acts  as  a  reservoir  that  receives 
its  supply  during  the  motion  of  the  plunger,  and  gives  it 
out  again  when  the  plunger  comes  to  a  pause.  The  air  in 
tlie  air  chamber  acts  as  a  spring  or  cushion  that  absorbs 
some  of  the  force  of  each  stroke  of  the  plunger  and  gives  it 
out  while  the  plunger  is  at  rest 'at  the  end  of  the  stroke. 
The  pomp  and  pipe  are  thus  relieved  of  shocks  and  a  nearly 
constant  rate  of  flow  from  the  discharge  pipe  is  insured. 

^P  41.  niAplncoment  and  ninchar^o. — The  cMspIacc- 
mont  of  a  pump  for  a  single  stroke  is  the  volume  of  water 

^that  would  be  displaced,  tlial  is,  the  volume  swept  through 

^Bby  the  piston  or  plunger,  during  that  stroke.  The  theo- 
retical fllfnehar^o  of  a  pump  is  equal  to  the  displacement. 
The  actual  aiscliar^"  is  generally  less  than  tfie  displace- 
ment, owing  to  leakage  past  the  valves  and  piston,  and  also 
to  the  return  of  water  through  the  valves  while  they  are 

^  closing. 

y  The  difference  between  the  displacement  and  the  actual 
discharge,  expressed  as  a  percentage  of  the  displacement, 
is  called  the  slip  of  a  pump.  When  the  column  of  water  in 
the  suction  and  discharge  pipes  of  a  pump  is  long  and  the 
lift  moderate,  the  energy  imparted  by  the  piston  during  the 
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discbarge  stroke  may  be  sufficient  to  keep  the  column  in 
motion  during  all  or  a  part  of  the  return  stroke.  Under  these 
conditions,  the  actual  discharge  will  be  greater  than  the  dis- 
placement, in  which  case  the  slip  is  said  to  be  ntgative, 

42.     Let   Q  =  displacement  or  theoretical  discharge,  in 
cubic  feet  per  minute; 
Q  =  actual  discharge,  in  cubic  feel  per  minute; 
N  —  actual  discharge,  in  gallons  per  minute; 
d  =  diameter  of  piston  or  plunger,  in  inches; 
/  =  stroke  of  piston,  in  feet; 
n  =  numberof  discharging  strokes  per  minute; 


J  =  the  slip  =       ^^' 
The  volume  swept  through  by  the  piston  in  one  stroke  is 

144 


.7854rf'/» 


=  .005454  ryv« 


(1) 


Asf  =  2^^=  \-^,Q^  Q{\-s)\  hence, 

Q  =  .005454rf"/ii(l-5)  (2) 

Since  there  are  7.48  gallons  per  cubic  foot,  N  =  7.48  Q^ 
and  hence, 

N  =  .040erf'/«(l  -5)  (3) 

The  diameter  of  the  piston  for  a  given  discharge,  in  cubic 
feet  per  minute,  is  foimd  by  solving  formula  2  for  d\  this  gives 

tf  =  13.54  J       J^  (4) 

\  /  w  ( 1  —  s) 

If  the  discharge  is  taken  in  gallons  per  minute,  solve  for- 
mula 3  for  d\  then, 

rf«4.95J-  f"-^  (5) 

The  slip  varies  from  0  to  40  per  cent.,  depending  on  the 
tightness  of  valves,  piston,  etc. 

ExAMi'LR  ].— A  single-acting  plunger  pump  with  a  plunger  8  inches 
in  diameter  and  3il  iiiL-lies  stroke  discharjjes  ."B.-S  cubic  feet  of  water  per 
minate  when  matting  thirty-five  dischnrKing  strokes;  what  Is  the  sUp? 
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Solution. — Using  formula  1,  and  substituting  the  given  valves,  Q 
=  .005454  X  8'  X  3  X  3&  =  36. (io  cu.  ft.  per  min.    The  slip,  therefore,  is 

^•^"^•^  -=  .086  =  8.6  per  cent.,  nearly.    Ans. 

EXAHPL.R  2. — A  pump  making  thirty  discharging  strokes  per  minute 
is  required  to  discbarge  4-50  gallons  per  minute;  the  length  of  .stroke  is 
36  inches.  Assuming  the  slip  to  be  .25,  compute  the  diameter  that 
must  be  given  the  plunger. 


Solution. — From  formula  5,  by  substituting, 
rf  =  4.95  -^ 


450 


-  -  =  12.78  in., say  13  in.    Ans. 


rfS  X  30  X  (I  -  .25) 

43.  Work  Done  by  n  Pump. — The  theoretical  work 
done  by  a  pump  may  be  computed  in  either  of  two  ways.  In 
addition  to  the  symbols  given  in  Art.  42,  let/  be  the  pressure 
on  the  piston,  in  pounds  per  square  inch,  and  h  be  the  height, 
in  feet,  through  which  the  water  is  lifted.  The  area  of  the 
piston  is  .7854  d'  square  inches;  hence,  the  total  pressure  on  it 
is  .7854 1/'/ pounds.  In  one  stroke,  the  resistance  is  overcome 
through  a  distance  of  /  feet,  and  the  work  done  per  stroke 
is  therefore  .l^fAd'pl  foot-pounds.  In  1  minute,  the  work 
done  is  .7854  d* pin  foot-pounds,  and  therefore  the  theoretical 
horsepower  is 

H.  K  =  '"?o^—  =  .00002380/"  (D 

•JO  ,Ouu 

But  in  1  minute  the  pump  raises  G  pounds  of  water  through 
a  height  of  h  feet,  requiring  therefore  the  work  Oh  foot- 
pounds. If  there  is  no  slip.  G  =  62.5  Q' ,  since  a  cubic  foot 
of  water  weighs  62.5  pounds,  and 

H.  P.  =  -||<^  -  .001894  Qh  (2) 

That  the  two  expressions  for  the  horsepower  are  identical 
is  readily  shown;  for,  if  .434  A  is  substituted  for  p  in  the  first, 
and  for  Q  the  value  given  in  formula  1  of  Art.  42,  in  the 
second,  the  result  is 

.7854  d'ln  ^    ,oj  jl        .7864  rfV«  ^  62.5  . 

-yS^OOO"  ^  •^^'*  *  =      SS.OO0     ^m^ 


and  as  .434  = 


62  5 

-—4-,  the  expressions  are  identical. 
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If  the  discharge  is  given  in  gallons  instead  of  cubic  feet, 
formula  2  becomes 

H.  P.  =  .000253  A^A  (3) 

The  actual  work  is  always  greater  than  the  useful  work, 
and,  in  practice,  from  20  to  50  per  cent,  should  be  added  to 
the  results  obtained  from  formulas  1,2,  and  3,  Work  is 
required  to  overcome  tlie  friction  of  the  piston  or  plunger 
in  Ihe  cylinder  or  stiiffingbox,  and  considerable  work  is  also 
required  to  overcome  the  friction  of  the  water  in  its  pas- 
sage through  the  pipes  and  the  valves  and  passages  of  the 
pump.  Some  work  must  also  be  expended  iu  giving  the 
water  the  velocity  it  has  when  it  leaves  the  discharge  pipe. 

According  lo  the  principles  of  hydraulics  and  the  flow  of 
water  through  pipes,  it  is  evident  that  the  power  required  to 
overcome  the  frictional  resistance  of  the  water  will  be  reduced 
by  making  the  pipes  large  and  direct  and  the  passages  through 
the  valves  and  pump  of  ample  size  and  as  direct  as  possible, 
so  as  to  avoid  loss  from  sudden  change  of  direction  of  flow. 

ExAMi'i.R. — \N'liat  is  the  theoretical  horsepower  of  a  pump  raising 
375  galluns  of  water  per  miaiitc  n  height  of  120  feet? 

Solution. — Applyia;;  formula  3  aud  substituting, 

II.  P.  =  .000253  X  376  X  ILX)  =  11.385.    Alls. 


kxampi.es  for  practick 

1.  A  single>actlng  pump  with  a  plunger  10  inches  in  fliameter  and 
40  inches  stroke  tltschargcs  fiO  cubic  feet  of  water  per  minute  when 
making  thirty-jiix  discharging  strokes  per  raiuute;  what  is  tiie  slip? 

Ans.  £.32  per  cent. 

2.  A  pump  milking  thirty-two  discharging  strokes  per  minute  Is 
required  to  discharge  -StUt  jjiilltms  ]ier  minute;  Ihtj  Itiigth  of  stmke  is 
30  inches.  As.siimiog  the  slip  to  bo  .'M,  compute  the  diameter  that 
must  be  given  Ihe  pUmgcr.  Ans.  10.72,  say  11  in. 

3.  A  pomp  raises  !K)0  gallons  of  water  per  mluute  to  n  height  of 
175  Feet;  what  theoretical  horscpowL-r  is  required?       Aus.  30.85  H.  t*. 
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CENTairnwAi.  pcmps 

44.  Reciprocating  pumps  may  be  considered  as  reversed 
pressure  motors.  A  pressure  motor,  if  driven  from  some 
external  source,  becomes  a  pump;  the  feedpipe  of  the  motor 
becomes  the  suction  pipe  of  the  pump,  and  the  exhaust  pipe 
becomes  the  delivery  pipe. 

Likewise,  the  centrlfugiil  iniinp  may  be  considered  as 
a  reversed  velocity  motor.  In  the  motor,  water  gives  up 
kinetic  enercy.  clue  *o  its  velocity,  and  from  this  energy  is 


Cn  -  /. 
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obtained  the  work  required  to  drive  tlie  moving  parts.  In 
the  centrifugal  pump,  the  action  is  reversed;  the  water  enters 
with  little  velocity,  and  at  atmospheric  pressure  work  is  done 
on  it  by  the  vanes  of  the  impeller  or  wheel  of  the  pump,  and 
it  leaves  the  pump  with  a  higher  velocity  and  higher  pres- 
sure. By  virtue  of  this  increased  velocity  and  pressure,  the 
water  is  enabled  to  rise  to  the  upper  level.  As  the  water 
rises,  its  kinetic  and  pressure  energies  are  destroyed,  but  its 
potential  energy  is  correspondingly  increased. 

In  Fig.  26  are  shown  two  sections  of  a  centrifugal  pump, 
taken   at   right   angles   to   each   other.     The  water   enters 
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through  a  suction  pipe  a  and  is  discharged  at  b.  On  the 
shaft  f  is  keyed  the  wheel  that  carries  the  vanes  v^  v.  By 
the  rapid  rotation  of  the  wheel,  the  water  is  given  a  whirling 
motion  as  it  passes  outwards  toward  the  ends  of  the  vanes, 
and  it  is  discharged  into  the  passage  ti  with  considerable 
velocity  and  with  a  pressure  in  excess  of  atmospheric 
pressure. 

Centrifugal  pumps  of  this  type  are  most  efficient  when 
working  under  low  heads,  say  up  to  40  feet.  For  low  heads 
and  large  quantities  of  water,  they  give  excellent  results  and 
are  especially  useful  when  the  water  contains  grit  or  other 
impurities  that  would  destroy  the  pistons  and  packing  or 
prevent  the  closing  of  the  valves  of  other  pumps.  Since 
there  are  no  valves  or  other  restricted  passages,  centrifugal 
pumps  have  been  largely  used  in  dredging  machines  for 
pumping  water  containing  large  quantities  of  mud,  sand,  and 
gravel;  in  fact,  anything  can  be  pumped  that  will  be  carried 
through  the  pump  and  pipes  by  a  current  of  water.  Recently, 
centrifugal  pumps  have  been  built  for  use  with  high  heads, 
in  ,soroe  cases  raising  water  several  hundred  feet.  Such 
pumps  are  culled  high-pressure  centrifugal  pumps. 


TOE  iiynuAui-io  kam 

45.  The  hyclrimlif  ram  is  a  machine  in  which  the  pres- 
sure produced  by  suddenly  stopping  a  column  of  moving  water 
is  used  to  raise  a  part  of  ihat  water  to  a  poiat  above  the  level 
of  the  source  of  supply.  Fig.  27  shows  a  section  of  a  hydraulic 
ram.  The  pipe  a  that  connects  the  ram  with  the  source 
of  supply  is  called  the  drive  pipe.  A  valve  b  that  closes 
the  end  of  the  pipe  a  has  a  stem  that  slides  freely  through 
a  sleeve  f.  The  sleeve  c  is  provided  with  a  regulating  screw 
by  means  of  which  the  stroke  of  the  valve  b  may  be  regu- 
lated. An  air  chamber  /  is  allached  to  the  pipe  a  over  an 
opening  closed  by  a  valve  f/.  which  opens  from  the  pipe 
toward  the  air  chamber.  The  action  of  the  ram  is  as  follows: 
Starting  with  the  valve  b  open  as  shown,  water  will  flow 
from  the  reservoir  through  the  pipe  a  and  out  past  b  through 
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the  opening  at  e.  When  the  velocity  of  this  water  becomes 
sufficiently  rapid,  the  current  flowing  past  b  will  exert  an 
upward  pressure  great  enough  to  raise  the  valve  and  close 
it.  The  current  is  thus  suddenly  stopped,  and  the  inertia  of 
the  column  of  water  in  the  pipe  a  produces  sufficient  pressure 
to  open  the  valve  d  and  force  some  of  the  water  into  the 
air  chamber  /.  The  energy  of  ihe  moving  mass  of  water  is 
thus  absorbed  in  compressing  the  air  in  /,  and  the  column  is 
brought  to  rest.     The  stoppage  of  the  column  in  a  is  so 

I  sudden  that  there  is  a  slight  recoil,  which  closes  the  valve  d 
and  causes  a  reduction  in  the  pi'essure  sufficient  to  open  b 
again,  when  the  process  is  repeated.    The  pressure  of  the  com- 
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pressed  air  in  /  forces  a  nearly  constant  stream  out  through 
Ihe  discbarge  pipe  e.  The  air  in  the  air  chamber  is  gradually 
absorbed  by  the  water,  and  therefore,  in  order  to  replace  it, 
ftsiiirtliifc  vnlvc^  is  provided,  \Vl)en  the  recoil  occurs,  a 
sm.iH  amount  of  air  is  drawn  in  throughjf,  and  this  airis  forced 
through  d  into  the  air  chamber  with  the  next  charge  of  water. 
The  valve  //  and  the  cock  o  regulate  the  flow  through  the 
inlet  and  discharge  pipes,  respectively. 

The  principal  use  of  these  rams  is  for  the  purpose  of  sup- 
plying buildings,  water  tanks,  etc.  from  a  source  some  dis- 
tance below  them.  Tests  have  shown  that  when  they  are 
well  made  and  adjusted  their  efficiency  is  about  50  per  cent« 
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Rams  may  be  used  when  the  fall  from  the  supply  is  no 
more  than  18  inches,  but  the  proportion  of  the  water  dis- 
charged varies  almost  directly  as  the  ratio  between  the  fall 
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to  the  ram  and  the  height  to  which 
the  water  must  be  raised.  With 
moderate  lengths  of  discharge  pipe, 
the  proportion  of  the  water  that  can 
be  raised  is  given  as  follows:  One- 
seveutb  of  the  water  can  be  raised 
to  a  level  above  the  ram  five  times 
as  high  as  the  fall  from  the  supply 
to  the  ram;  one-fourteenth  of  the 
water  can  be  raised  to  a  level  above 
the  ram  ten  times  as  high  as  the  fall 
to  the  ram;  and  so  for  other  ratios 
between  the  fall  and  the  height  of 
discharge. 


AIR-LIFT    PUMP 

46.  Another  method  of  raising 
water  from  lower  to  higher  levels  is 
by  the  use  of  the  ulr-Ilft  piiukp,  as 
shown  in  Fig.  28.  This  device  con- 
.sists  of  two  pipes.  The  outer  one  u, 
or  the  casing,  is  suspended  in  the 
water  to  be  pumped,  so  that  the 
lower  end  ^  is  at  a  distance  A  below 
the  surface  of  the  water.  The  iiiner 
pipe  c,  which  is  much  smaller  than 
the  outer  pipe,  passes  through  a 
stuffingbox  t/  in  the  elbow  e,  and 
extends  downwards  inside  the 
casing.  It  is  attached  to  an  air  com- 
pressor by  means  of  the  pipe  /,  and  its  lower  end  is  perfo- 
rated with  a  number  of  small  holes,  as  shown. 

When  the  casing  a  is  lowered  into  the  water,  the  water 
rises  to  the  same  level  inside  the  casing  as  outside.  If  air 
under  pressure  is  then  forced  into  the  pipe  c,  it  will  escape 
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throa^h  the  holes  at  the  lower  end  of  this  pipe,  and  will 
form  bubbles  in  the  water  inside  the  casing  a.  As  a  result, 
the  casing  will  soon  contain  a  mixture  of  water  and  air 
bubbles  instead  of  the  solid  column  of  water  it  originally 
held. 

The  weight  of  the  mixture  of  air  and  water  being  less,  per 
cubic  foot,  than  that  of  water  alone,  the  column  inside  the 
casing  will  weigh  less  than  a  column  of  the  same  height  out- 
side the  casing.  The  mixture  of  air  and  water  will  therefore 
be  forced  upwards  inside  the  casing.  If  this  casing  were 
extremely  long,  the  mixture  would  rise  until  the  pressure  it 
exerted  at  the  lower  end  b  of  the  casing  was  just  equal  to 
the  pressure  due  to  the  head  h  of  the  water  at  that  point. 
As  usually  built,  however,  an  outlet^  is  provided  at  a  height 
less  than  that  to  which  the  mixture  would  otherwise  rise  in 
order  to  balance  pressures.  As  a  result,  the  mixture  of  air 
and  water  is  discharged  at  ^  in  a  continuous  flow,  and  the 
velocity  of  discharge  is  equal  to  that  corresponding  to  the 
additional  height  or  head  through  which  it  is  capable  of 
rising. 

The  force  that  operates  the  air-lift  pump,  then,  is  the  dif- 
ference between  the  pressures  inside  and  outside  the  casing 
at  the  bottom.  To  obtain  the  best  results,  the  casing  should 
extend  below  the  water  level  a  distance  about  H  times  as 
great  as  the  height  above  the  water  level  to  which  the  water 
is  to  be  pumped. 
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^^^^^  DKPIXTTION8 

^^^^.  Definition  of  Chemistry. — Chemistry  is  that 
branch  of  science  that  treats  of  the  different  kinds  of  matter 
and  of  the  various  changes  that  matter  undergoes. 

2.  Mutter  and  Enerjfy. — The  word  matter,  as  used 
in  scientific  language,  means  that  which  occupies  space. 
Energy  '"nay  be  defined  as  that  which  causes  changes  in 
matter. 

3.  IHvl8lon«  of  Matter. — Three  divisions  of  matter 
are  recojjiiized  iu  science:  massts,  Molecniis,  and  ahms. 

A  muss  of  matter  is  any  portion  of  matter  appreciable  hy 
the  senses. 

A  raolecule  is  the  smallest  particle  of  matter  into  which 
a  body  can  be  divided  without  losing;  its  identity,  and  which 
can  exist  in  the  free  stale. 

An  Ilium  is  the  smallest  particle  of  simple  matter  that 
can  enter  into  the  composition  of  a  molecule. 

A  mass  of  matter  is  made  up  of  molecules,  and  a  mole- 
cule is  composed  of  atoms. 

4.  Bodies  are  composed  of  collections  of  molecules. 
They  exist  in  three  forms  or  conditions:  solid^  liquid^  and 

5.  SpL^ciric    Gravity    uuU     Density. — The    S(>cc'iric 

trravlty  of  a  body  is  the  ratio  of  the  weight  of  a  volume  of 
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it  to  that  of  an  equal  volume  of  some  other  substance 
selected  as  a  stanJard.  The  standard  is  usually  water  for 
solids  and  liquids,  and  dry  air  for  gases. 

Uenslty  is  a  term  frequently  used  with  the  same  mean- 
ing as  specifiL-  (gravity.  In  connection  with  the  chemistry  of 
gases,  however,  it  is  now  common  to  use  the  term  specific 
gravity  when  air  is  taken  as  the  standard  of  comparison,  and 
the  term  density  when  the  gas  hydrogen  is  taken  as  the 
standard  of  .comparison.  In  this  Section,  then,  when  speak- 
ing of  the  specific  gravity  of  a  gas,  dry  air  is  understood  to 
be  taken  as  the  standard  of  compariscm;  and  in  speaking  of 
the  density  of  a  gas  it  is  understood  that  hydrogen  gas  is 
taken  as  the  standard  of  comparison. 

G.  Altrnctloii  of  Mutter. — Matter  is  maintained  in  its 
normal  state  throughout  the  miiverse,  by  the  action  of  the 
forces:  gravitation^  (ofusioti,  ttit/ifsicfrt,  and  c/icwism,  or  affinity. 

Uruvllntlou  acts  through  all  space.  It  is  the  power  by 
which  every  particle  of  matter  is  attracted  to  every  other 
particle  of  matter. 

Cohesion  and  mllicj^loii  act  only  across  inappreciable 
distances,  holding  together  molecules  of  solids,  and  to  some 
degree  those  of  liquids.  When  these  molecules  are  alike 
they  are  held  tog:ether  by  cohesion.  When  the  molecules  arc 
unlike  they  are  held  together  by  adhesion. 

ChoniIsni»  or  nffliiity,  holds  together  the  atoms  that 
form  a  molecule;  it  modifies  the  molecules  themselves,  and 
brings  heterogeneous  substances  into  intimate  relatl6n,  and 
this  produces  new  molecules.  The  action  of  atoms  on  each 
other  by  virtue  of  their  affinity  is  termed  chemical  action  or 
chemical  change. 

7.  Indestructibility  oT  Mutter. — By  the  most  carefu 
observations  of  all  known  kinds  of  chemical  action,  it  has  beer 
proved  that  there  is  never  any  loss  or  gain  of  matter.     \\Tie 
chemical  action  occurs,  there  is  only  a  change  of  state;  bu'1 
never  an  annihilation  or  creation  of  matter, 

8.  Division  «r  Moli>fiilc>H. — Molecules  are  formed  by 
the  union  of  atoms;  they  may  be  divided  into  two  classes; 
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(1)  elemcntAl  molecnleM,  in  which  the  atoms  are  alike; 

(2)  compound  molecnles,  in  which  the  atoms  are  tmlike. 
Matter  made  up  of  molecules  containing  similar  atoms  is 
called  simple,  or  elementury,  matter;  matter  whose 
molecules  are  composed  of  dissimilar  atoms  is  called  com- 
pound matter. 

9.  Analysis  find  HynthenlK. — AnulyHlH  is  the  splitting 
up  of  compound  matter  into  simpler  matter.  S^'ntbeKlH  is 
the  building  up  of  compound  matter  from  simpler  matter. 

10,  Mixtures,  Comiwunds,  and  Elements. — If  vari- 
ous kinds  of  matter  are  examined,  it  is  found  that  some 
masses  of  matter  are  heterogeneous;  that  is,  not  uniform  in 
composition.  These  are  mixtures,  and  chemistry,  as  a 
science,  does  not  deal  with  such,  but  restricts  itself  to  deal- 
ing with  the  homogeneous  masses  of  matter.  Homogeneous 
matter  may  be  divided  into  compounds  and  ehfuenls — com- 
puunds  being  homogeneous  matter,  the  molecules  of  which 
are  made  up  of  unlike  atoms,  and  elements  being  matter, 
the  molecules  of  which  are  made  up  of  like  atoms.  The 
number  of  compounds  is  very  large,  but  extended  obser- 
vations show  that  there  are  comparatively  few  elements,  the 
number  known  being  between  seventy  and  eighty.  There 
are  two  reasons  why  it  is  impossible  to  state  positively 
the  exact  number  of  elements:  elements  may  exist  that 
have  not  yet  been  discovered;  and  some  that  are  now 
considered  elements  may  in  the  future  be  proved  to  be 
compounds.  ' 

I     11»     Size    and    Weight    of    Elemental    Molecules. 

According  to  the  law  of  Avoy^idro,  egual  volumes  of  all 
hotiies  in  the  gaseotts  staU\  under  the  same  conditions  of  tempera- 
ture and  Pressure^  amtain  the  same  number  of  molecules.  It 
follows,  therefore,  that  the  molecules  of  all  bodies  in  the 
gaseous  state  must  be  of  the  same  size,  or  at  least  occupy 
the  same  space,  hence,  the  weight  of  any  molecule,  compared 
with  that  of  a  molecule  of  hydrogen,  is  proportional  to  any 
given  volume  of  the  gas  compared  with  the  same  volume  of 
hydrogen. 
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12,  Moleciilnr  Wcl«ht. — Experiments  conducted  by 
chemists  lead  to  the  conclusion  that  one  molecule  of  hydro- 
gen is  composed  of  two  aloms.  Assuming:,  then,  that  the 
weight  of  a  hydrogen  atom  be  taken  as  unity,  the  uiulcciilar 
welgrht  of  hydrogen  must  be  two.  The  vapor  deuslty  of 
an  element  or  compound  is  the  mass  or  quantity  of  a  body  in 
the  gaseous  state  compared  with  the  same  mass  or  quantity 
of  hydrogen;  and,  since  the  molecular  weight  of  hydrogen  is 
two,  the  molecular  weight  of  an  element  or  compound  is 
twice  its  vapor  density. 

13.  Atonilcliy  of  Klementul  Molecules. — Atomicity 

refers  to  the  number  of  atoms  a  molecule  contains.  Thus, 
by  monatomu,  diaiomk,  triafomt'c,  etc.  molecules  is  mcani 
molecules  containing  one,  two,  three,  etc.  atoms.  Most 
elemental    molecules    are    diatomic. 
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ATOMS 

14.  An  atom  is  the  smallest  particle  of  an  element  that 
can  participate  in  the  conipositiun  of  a  molecule;  but  atoms 
differ  from  one  another  in  weight  and  in  combining  power. 

15.  Atomic   Wci};lit. — It    is  obviously   impossible    to 

isulute  single  alums;  and,  if  it  could  be  done,  they  would  be 
so  exceedint^Iy  minute  that  it  would  be  impossible  to  weigh 
them.  Atomic  weights  are  not  absolute  weights,  as  are 
pounds,  grains,  etc.,  but  represent  relative  weights  of  atoms. 
Formerly,  all  atomic  weights  were  based  on  the  weight  of  an 
atom  of  hydrogen,  which  was  taken  as  unity.  At  the  pres- 
ent time,  however,  some  chemists  use  as  the  basis  of  all 
atomic  weights  the  weight  of  an  atom  of  oxygen,  to  which 
the  value  16  is  given.  It  is  obviously  immaterial  what  num- 
ber is  taken  as  a  standard,  since  the  atomic  weights  are  the 
relative  weights  of  the  atoms;  but  it  is  important  that  the 
same  standard  be  used  for  all  the  elements. 

In  the  case  of  many  elements,  their  atomic  weights  have 
been  determined  with  the  greatest  exactness;  but  in  the  case 
of  some  of  the  rarer  ones,  the  values  given  may  be  proved 
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later  to  be  slightly  wrong.  In  Table  I  are  given  the  latest 
atomic  weights.  In  the  column  headed  O  =  16,  ihe  atomic 
weight  of  oxygen  is  taken  at  Ifi,  and  the  other  ratios  calcu- 
lated on  this  basis;  in  the  column  headed  //  =  I,  the  atomic 
weight  of  hydrogen  is  taken  as  unity,  and  the  other  ratios  are 
calculated  on  this  basis,  f  n  the  column  headed  Approximate 
are  given  numbers  with  fewer  decimal  places;  they  are  not 
as  exact  as  those  given  in  the  other  columns,  but  are  close 
enough  for  all  ordinary  purposes  of  calculation. 

16.  Vulenc'e. — Valeucij  signifies  the  combining  power 
possessed  by  an  atom;  it  expresses  the  number  of  hydrogen 
atoms  with  which  an  atom  can  combine  for  which  it  may 
be  exchanged.  Since  an  atom  may  form  several  compounds 
with  the  same  substance,  its  valence  is  variable,  and  not 
absolutely  fixed,  as  is  the  atomic  weight.  While  there  is  no 
absolute  general  rule,  when  an  element  exhibits  more  than 
one  valence,  these  are  usually,  but  not  in  all  cases,  all  odd 
numbers  or  all  even  numbers. 

According  as  their  valence  is  1,  2,  3,  4,  5,  6,  or  7,  atoms 
are  called  fnonnds,  dyaiis,  tHmis,  tetrads,  prntads,  hexads,  or 
heptads,  which  names  are  derived  from  the  Greek  numerals. 
When  referred  to  in  the  adjectival  form,  the  Latin  numer- 
als are  employed,  and  an  atom  is  said  to  be  univalent, 
bivatent,  trivalcnt,  quadrivalent^  quinguivaknt,  sexivaleni  or 
Srpttvaleni. 

17.  Hymbols.^To  prevent  constant  repetition  of  the 
names  of  the  elements,  and  to  aid  in  expressing  the  compo- 
sition of  substances,  abbreviations,  or  »ymbol»,  are  used 
instead  of  names;  these  symbols  consist  of  the  initial  letter, 
or  the  initial  letter  and  another  letter,  of  its  name.  Some- 
limes  they  are  derived  from  the  Latin  names,  which  are  often 
very  diflferent  from  the  common  ones.  Such  is  the  case  with 
the  elements  sodium  (AVi  from  natrittm),  lead  {Pd  from 
plumbum),  mercury  {Hj^ivom  hydrargyrum),  iron  (/r  from 
iernim),  and  copper  {Ot  from  aipntm).  The  names,  sym- 
bols, and  atomic  weights  of  the  most  prominent  elements  are 
given  in  Table  I. 


Kryptoii 

Lanthanum 

Lead  (plumbum) 

Lithium 

Magnesium 

Manganese      ... 

Mercury  (hydrargyram) 

Molybdenum      .    .    .    , 

Neodymium 

Neon    .    . 

Nickel 

Nitrogen 

Osmium 

Oxygen 

Palladium 

iTjosphorus 

Platinum 

Potassium  (kalium) 

Praseodymium  .    . 

Radium 

Rhodium 
Rubidium 
Ruthenium 
Samarium 
Scandium 
Selenium      .    . 
Silicon      .    . 
Silver  (argentum 
Sodium  (natrium) 
Strontium    .    .    . 
Sulphur  .... 
Tantalum    .    .    . 


ELEMENTARY  CHEMISTRY 


TABLE  l—{Cotitinued) 


Elements 


Tellurium 

Terbium      

Thallium 

Thorium 

Thulium 

Tin  (stannum)  .    .    . 

Titanium 

Tungsten  (wolfram) 

Uranium      

Vanadium 

Xenon   

Ytterbium 

Yttrium 

Zinc 

Zirconium 


Sym- 
bols 


Atomic  Weights 


o  ^  \h 


//. 


Approxi- 
mate 


i 
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Noni. — It  is  cusioroary  to  divide  the  elements  into  two  classes — 
metaU  and  non-metals,  or  metalloids,  a  distinction  first  made  when 
only  a  few  elements  were  known.  This  distiucliou  is  now  a  purely 
arbitrary  one,  as  it  is  impossible  to  draw  a  sharp  line  of  demarcation 
between  the  two  groups.  The  names  printed  m  Italics  ar«  thoae  uC 
non-metals. 

Multiplicafion  of  atoms  is  expressed  by  placing  an  Arabic 
numeral  to  the  right  of  and  below  the  symbol.  Thus,  6", 
stands  for  two  atoms  of  sulphur.  MHltiplkalion  of  molecntfs 
is  expressed  by  placincr  the  multiplier,  called  a  roeffineHt^  lo 
the  left,  in  front  of  the  formula.  Thus,  'ANaCl  stands  for 
three  molecules  of  salt. 

The  valence  of  an  atom  is  expressed  by  placin];  a  Roman 
numeral  or  a  corresponding  number  of  strokes  above  and  to 
the  right  of  its  symbol.  Thus.  Bt^  or  Br^  stands  for  the 
univalent  atom  of  bromine,  and  C^  or  O'"  stands  for  Ihe 
quadrivalent  atom  of  carbon.  However,  these  Roman  numer- 
als or  strokes  are  frequently  omitted.     Sometimes,  in  order 
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to  make  a  formula  more  clearly  understood,  the  symbol  of 
rhe  element  is  written  and  its  valence  indicated  by  lines 
radiating  from  the  symbol.  These  lines  are  called  bonds. 
Thus,  the  bivalent  oxygen  atom  would  be   written  — O — 

I 

or  0=,  and  the  quadrivalent  carbon  atom  — C — . 


18.  I*aws  of  Definite  and  Multiple  ProportlouR. 
As  a  result  of  almost  numberless  experiments  it  has  been 
established  that  the  proportions,  by  itri^hl,  arrordiug  io  which 
elements  combine  are  invariable  for  the  same  compound.  This 
is  known  as  the  lnw  of  <lcrinUe  proiiortlons. 

Also  as  the  result  of  a  very  large  number  of  experiments, 
it  has  been  established  that  when  two  elements  combine  io  form 
more  than  one  compound^  the  different  weights  of  tfu  one  element 
that  unite  with  the  same  weight  of  the  other  element  bear  a 
simple  ratio  to  each  oilier.  This  is  knt>wn  as  the  Iiiw  of 
ninltlpio  proportions. 

Oxygen  and  hydrogen  may  cunibine  in  two  proportions; 

as  water,  //,0,  and   as  hydrogen   peroxide,  //,0,.     In  the 

latter  compound,  there  is  just  twice  as  much  oxygen  for  the 

Same  amount  of  hydrogen  as  in  the  farmer.     The  reason  why 

Combinations  occur  in  muUiple  proportion  is  that,  when  two 

elements  combine,  one  atom  of  one  of  them  may  combine 

With  either  one,  two,  or  three  atoms  of  the  other,  but  cora- 

V>ination  with  the  fraction  of  an  atom  would  be  contrary  to 

^he  atomic  theory. 

f  19.  The  symbols  of  the  elements,  since  they  stand  for 
atoms,  not  only  express  the  names  of  the  elements,  but  also 
"weights  proportional  to  their  atomic  weights.  Thus,  the 
formula  for  salt  is  NaCl;  this  not  only  expresses  that  the 
compound  is  composed  of  the  elements  sodium  and  chlorine, 
but  thai  a  molecule  of  salt  is  made  up  of  one  atom  of  sodium 
fciving  a  weight  of  23  and  one  atom  of  chlorine  having  a 
Weight  of  36.5.  Since  any  mass  of  salt  is  composed  of 
molecules,  the  weights  of  the  two  elements  bear  the  same 
ratio  to  one  another  in  Che  mass  as  in  the  single  molecule. 
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In  68.6  pounds  of  salt  there  are  23  pounds  of  sodium  and 
^35.5  pounds  of  chlorine.  ■ 

The  formula  for  water  is  H,0.  From  this,  it  is  seen  that 
a  molecule  of  water  contains  two  atoms  of  hydrogen  weigh* 
ing  1x2  =  2,  and  one  atom  of  oxygen  weighing  16.  There- 
fore, in  18  pounds  of  water,  there  are  2  pounds  of  hydro^^en 
and  16  pounds  of  oxygen. 

Oxygen  and  hydrogen  also  combine  to  form  another  com- 
pound, hydrogen  peroxide,  which  for  a  given  weight  of 
hydrogen  contains  twice  as  much  oxygen  as  water.  The  for- 
mula  is  //,0„  the  molecule  containing  two  atoms  of  hydro-  I 
gen  weighing  1x2  =  2,  and  two  atoms  of  oxygen  weighing 
16  X  2  =  32.  Hence,  in  34  pounds  of  hydrogen  peroxide, 
there  are  2  pounds  of  hydrogen  and  32  pounds  of  oxygen.        ■ 

The  following  compounds  of  nitrogen  offer  a  very  good 
illustration  of  the  law  of  combining  proportions:  N^O  con- 
tains 28  parts  of  nitrogen  and  16  parts  of  oxygen.  NO 
contains  14  parts  of  nitrogen  and  16  parts  of  oxygen,  being 
the  same  ratio  as  in  28  parts  of  nitrogen  and  16  X  2  =  32 
parts  of  oxygen.  N^O^  contains  28  parts  of  nitrogen  and 
16  X  3  =48  parts  of  oxygen.  Ni\  contains  14  parts  of  ' 
nitrogen  and  16  X  2  =  32  parts  of  oxygen,  being  the  same 
ratio  as  in  28  parts  of  nitrogen  and  16  X  ^  =  64  parts  of  oxy-  ■ 
gen.  N,0^  contains  28  parts  of  nitrogen  and  16  X  5  =  80 
parts  of  oxygen. 

Chemical  actions  can  be  very  simply  represented  by  the 
use  of  equations,  the  substances  entering  into  the  action  being 
placed  on  the  left  of  the  sign  of  equality,  and  substances 
resulting  being  placed  on  the  right.  Thus,  2//,  -H  O,  =  2f/,0 
means  that  two  molecules  of  hydrogen  unite  with  one 
molecule  of   oxygen  and   form   two  molecules  of  water. 


COMPOUNDS 

20.  •  A  compound  molecule  is  composed  of  dissimilar 
atoms  united  according  to  the  law  of  valence.  The  number 
of  atoms  that  such  a  molecule  may  contain  is  lyjparently 
unlimited.  Compound  molecules  are  divided  into  two 
classes — binaty  moUcuUs  and  ternary  moiecuUs. 
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21.  Binary  Molecules. — Bliiury  inoleoules  are  mole- 
cules the  atoms  of  which  are  directly  united,  and,  whatever 
the  number  of  their  atoms  may  be,  there  can  never  be  more 
than  two  kinds  of  them. 

22.  Nomenclature  of  Binaries. — The  names  of  binary 
molecules  are  derived  from  their  constituent  atoms.  The 
most  common  binaries  are  those  composed  of  a  metal  and  a 
non-metal;  the  name  of  the  metal  is  WTJtten  first  and  then 
that  of  the  non-metal,  one  or  more  syllables  being  removed 
from  the  latter  and  the  termination /Viif  added.  Thus,  sodium 
and  chlorine  yield  sodium  chloride;  zinc  and  sulphur  yield 
zinc  sulphide. 

As  it  fretjuently  happens  that  more  than  one  compound  of 
the  same  elements  is  known,  it  becomes  necessary  to  dis- 
tinguish these  compounds.  Oxygen  and  cojjper  combine  in 
two  proportions,  represented  by  the  formula  CuO  and  Cu^O, 
the  name  oxide  being  common  to  both;  but  the  first  is  called 
cupric  oxide  and  the  second  cuprous  oxide.  The  termination 
ous  is  applied  to  the  compound  containing  the  lower  propor- 
tion of  the  non-metallic  element,  and  ic  to  the  one  containing 
the  higher  proportion.  Where  there  are  two  or  more  atoms 
of  the  non-metallic  element  present,  the  distinction  is  fre- 
quently marked  by  a  prefix  to  the  second  name  indicating 
the  number.  Thus,  BaO  is  barium  monoxide,  and  BaO,  is 
barium  dioxide. 

23.  Use  of  l*rerixo8. — If  one  of  the  constituents  acts 
with  more  than  two  valences,  the  termination  ic  (given  on 
the  discovery  of  the  compound)  is  generally  arbitrarily 
assigned,  and  a  further  distinction  is  made  by  the  use  of  a 
prefix.  A  compound  in  which  the  valence  of  the  first  con- 
stituent is  less  than  the  ous  takes  the  prefix  hyPo  (  =  under). 
When  the  valence  is  above  ic,  the  prefix  per  is  used,  the  ter- 
mination of  the  second  constituent  being  in  nil  cases  ide. 

24.  Formation  of  Jlliinrles. — A  binary  molecule  con- 
sists of  atoms  with  equal  or  different  valences.  Atoms 
having  the  same  valence  unite  in  the  proportion  of  1  to  1, 
that  is,  the  atoms  mutually  saturate  each  other  and  their 


12 


ELEMENTARY  CHEMISTRY 


§28 


/^Kl 


I 


chemism  is  satisfied.  When  atoms  with  different  valences 
unite,  each  atom  has  to  furnish  the  same  number  of  bonds 
to  satisfy  their  chemism.  This  number  is  the  least  common 
multiple  of  the  two  valences.  The  absolute  number  of 
atoms  of  each  constituent  is  obtained  by  dividing  the  least 
common  multiple  by  the  valence  of  each  atom. 

ExAMi'LK. — Trivalent  iron  and  divalent  oxygen  unite  to  form  an 
oxide;  what  is  the  Dumber  of  atoms  of  each? 

Solution. — The  least  common  multiple  of  the  valences  (3  and  2) 
is  6.  Then  each  must  furnish  six  bond.s.  6  -^  3  ="  2  atoms  of  iron, 
6  ^  2  a  3  atoms  of  oxyj^eo.  The  oxide  will  then  have  the  formula 
FCtOi.    Ans. 

25,  The  groups  of  atoms  that  have  been  considered  are 
called  satiiralvd  inoleeulcB,  because  the  bonds  of  their 
constituent  atoms  are  all  mutually  engaged.  There  are  also 
uu»ului*utcd  rtioleculct* — groups  of  atoms  that,  possessing 
free  bonds,  luay  enter  into  combination  like  single  atoms. 
These  unsaturated  groups  of  atoms  are  called  rompoiiiid 
radlcnlM,  or  simply  radicals.  They  do  not  exist  free  in 
nature,  although  in  some  cases,  by  combining  with  another  like 
group,  they  may  fnrm  a  saturated  molecule.  Their  valence  is 
equal  to  the  number  of  their  unsatisfied  bonds,  which  is  the 
difference  between  the  valences  of  their  constituents. 

Molecules  containing  compnund  radicals  linked  to  an  atom 
are  usually  considered  as  binaries  and  named  accordingly. 

2(5.  NumcB  of  Coiiipound  Itadlcals. — The  names  of 
compound  radicals,  with  the  exception  of  the  compound  rad- 
icals aw/rtV»i.'V7f  {NH,)y cyanogen  (tW),and  ammonitwi  {NH^)^ 
terminate  in  yl.  The  roots  of  their  names  come  either  from 
the  radical  constituents  or  from  some  compound  into  which 
they  enter.  Thus,  the  compound  radical  {OH)  is  called 
hydroxy/,  and  (C//J  is  called  methyl^  from  methyl  alcohol, 
of  which  it  is  a  constituent. 

27..  Ternary     Molecules. — Ternary    molecules     are 

those  whose  dissimilar  atoms  are  united  by  the  aid  of  some 
third  atom.  Among  the  compounds  higher  than  the  binary 
series  are  those  formed  by  the  uuion  uf  watur  with  oxides, 


I 


§28 


ELEMENTARY  CHEMISTRY 


18 


thus  forming  acids  and  hydrates  (hydroxides),  and  deriva- 
tives of  ibesc  substances. 

28>  Acids. — To  the  chemist,  the  sourness  of  an  acid  is 
but  an  accidental  property,  as  many  substances  that  are  not 
sour  to  the  taste  are  classified  as  acids.  An  acid  may  be 
defined  as  a  body  containing  hydrogen,  which  hydrogen  may 
be  replaced  by  a  metal,  the  resulting  compound  being  a  salt. 
Most  acids  are  sour;  they  are  also  active  chemical  agents; 
roost  of  them  are  characterized  by  their  property  of  changing 
the  color  of  a  solution  of  litmus  (a  blue  dye)  to  red. 

Oxygen  is  a  constituent  of  most  acids,  the  members  of 
the  group  containing  oxygen  being  distinguished  as  oxy- 
aclds.  The  oxides  that»  by  imion  with  water,,  form  acids  are 
aold  auliydrUles,  or  simply  unliydrides.  They  are,  in 
most  cases,  non-metallic  oxides,  but  sometimes  consist  of 
metals  combined  with  a  comparatively  large  number  of  oxy- 
gen atoms.  There  arc  a  few  acids  in  which  oxygen  is  absent; 
these  are  called  hydraclds,  hydrochloric  acid,  HCly  being  an 
example.  According  to  the  definition  given,  hydrogen  is  an 
essential  constituent  of  all  acids.  It  should,  however,  be 
mentioned  that  the  term  acid  is  sometimes  applied  to  what 
arc  really  anhydrides.  Thus  CC„  carbon  dioxide  or  carbonic 
anhydride,  is  sometimes  spoken  of  as  carbonic-acid  gas. 
This  name,  however,  is  being  replaced  by  carbon  dioxide, 
which  is  more  in  accordance  with  modem  chemical  science. 

39.  Bases  and  Alkalies. — A  base  is  an  oxide  or 
hydrate  of  a  metal  {or  group  of  elements  equivalent  to  a 
metal),  which  metal  {or  group  of  elements)  is  capable  of 
replacing  the  hydrogen  of  an  acid,  forming  a  salt,  water 
being  formed  at  the  same  time. 

An  alkali  is  a  base  of  specially  active  character,  soluble 
in  water,  and  easily  recognized  by  the  soapy  taste  and  feel 
it  imparts  to  water,  and  also  by  its  ability  to  restore  the 
blue  color  to  a  solution  of  litmus  that  has  been  reddened  by 
an  acid.  The  principal  alkalies  are  sodium  hydrate,  NaOHy 
and  potassium  hydrate,  h'OIf.  Hydrates  are  mostly  com- 
pounds of  metallic  oxides  and  water,  and  are  also  frequently 
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INaOH 

sodium 

hyilrate 

orsodiutn 

hydroride 

Ca\OH)^ 

calcium 

hydrate 
or  calcium 
hydroxide 

30.  Snits. — When  an  acid  and  a  base  react  on  each  other, 
the  compound  produced  by  the  replacement  of  the  hydrogen 
of  the  acid  by  the  metal  of  a  base  is  called  a  salt.  The 
following  equations  illustrate  the  formation  of  salts: 

HCl  +  NaOH  =  NixCl  +  //,0 
sodium  sodium  water 
hydrate      chioridc 

CaO    ^    CaSO,  +  /f,0 
nulphuric        calcium        calcium        water 

acid  nxidc  Kulpliate 

As  a  rule,  salts  are  without  action  on  litmus;  sometimes, 
however,  when  a  strong  acid  combines  with  a  weak  base,  the 
resulting  salt  will  turn  litmus  red;  or  when  the  base  is  strong 
and  the  acid  weak,  the  salt  will  turn  reddened  litmus  blue. 

With  acids  like  hydrochloric  acid,  where  in  the  molecule 
there  is  only  one  hydrogen  atom,  part  of  the  hydrogen  can- 
not be  replaced  by  a  metal  and  a  part  be  left  in  the  molecule; 
but  with  acids  containing  more  than  one  replaceable  hydro- 
gen atom  in  the  molecule,  only  part  of  the  hydrogen  may  be 
replaced  by  a  metal,  the  resulting  salt  being  called  an  acid 
salt.  Sulphuric  acid,  H^SO^,  and  carbonic  acid,  HtCOt,  are 
such  acids,  and  from  each  of  these,  with  the  same  base,  there 
may  be  normal  salts  or  acid  salts. 

HrSO,  +  INaOH  =  Xa.SO,  +  2//,0  (3) 

sulphuric        »odiuni  .sodium  water 

acid  hydrate  sulphate 

or  normal 
sodium 
sulpliate 
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N^SO,  +  NaOH  =  NaHSO,   +  H,0         {A) 
sulphuric       sodium        acid  sodium        water 
acid  hydrate         sulphate  or 

sodium 
bisulphate 

,  MXO,+  CaiOH),  =  CaCO,  +  2H,0  (6) 

carbonic        cakium  calcium       water 

acid  hydrate        carbonate 

2//,CO,  +  CaiO/r},  =  Cai//CO,).  +  2f/,0        (6) 
carbonic         calcium  add  cAlcium        water 

acid  hydrate  carbonate 

^  or  cnlcinm 

bicarbonate 

A  basic  salt  is  one  in  which  only  a  part  of  oxygen  or 
hydroxyl  of  the  base  has  been  removed  by  the  acid.  As  an 
example,  the  base  bismuth  hydrate,  Si{0//)„  may  react  with 
nitric  acid,  //NO,,  to  form  one  normal  salt  and  two  basic  salts. 

BiiO//),  +  S///>/0,  =  BiiNO,),  +  ZH,0        (7) 
bismuth       nitric  acid         bismuth  water 

hydrate  tri-nitrate 

(normal  salt)  " 

Bi{OH),  +  2HN0,  =  Bi{0//){NO,),  +  2//.0  (8) 

bismuth  water 

dt-nitrate 
(a  basic  salt) 

BiiOH),  -f  HNO,  =  Bi{OH),{NO,)  +  //,0      (9) 

bismuth  water 

raono-oitrate 

(a  basic  salt] 

31,  Nomenolnttire  of  Acids  ami  Salts, — The  names 
of  acids  are  derived  from  their  principal  constituent  in  the 
same  way  as  those  of  binary  compotmds.  The  name  of  the 
principal  acid  of  a  series  ends  in  ic,  as  chloric  acid,  //C10%\ 
that  of  the  next  lower  ends  in  qiis,  as  chlorous  acid,  //ClOt. 
For  the  acid  next  higfher  than  the  ic  acid,  the  prefix  A*''  is 
used,  as  perchloric  acid,  //C!0^\  for  the  acid  next  lower  than 
the  oits  acid,  the  prefix  hypo  is  used,  as  hypochlorous  acid, 
J/CIO.  Hydracids  are  distinguished  by  the  prefix  hydro; 
as,  for  instance,  hydrochloric  acid,  //O. 

The  names  of  the  corresponding  salts  are  derived  from  the 
same  root  by  changing  the  endings;  thus,  u  becomes  ate  and 
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OHs  becomes  ite.  Salts  of  sulphuric  acid  are  called  sulphates^ 
and  salts  of  sulphurous  acid  are  called  sulphites;  and  so  on. 

32.  Clienilcal  Kc|iiatluuH. — It  must  be  remembered 
that  a  cheiiilwil  e(]iiatlou  is  a  statement  of  fact.  The  facts 
exjiressed  by  the  eguatiou  must  be  the  result  of  observation 
and  experiment.  The  equation  itself  must  balance,  that  is, 
the  kind  and  number  of  atoms  on  the  two  sides  of  the  sign 
of  equality  must  be  the  same;  but  the  fact  that  an  equation 
balances  is  no  proof  that  it  is  correct.  For  example,  the  two 
equations  (1)  and  (2)  both  balance: 

2//, +  0.  =  27/.0  (I) 

2//.+30.= /r.O.  (2) 

but  while  equation  (1)  is  correct,  being  an  expression  of  facts 
that  have  been  proved  by  experiment,  equation  (2)  is  wrong, 
as  there  is  no  evidence  that  there  is  any  compound  of  hydrogen 
and  oxygen  that  can  be  represented  by  the  formula  //,0,. 
When,  however,  an  equation  is  correct,  it  not  only  tells  the 
cTiaracter  of  the  reaction,  but  tells  also  the  relative  weights  of 
the  substances  entering  into,  and  resulting  trom,  the  reaction. 

33.  Stololilometry. — Stolchlonietry  considers  the 
numerical  relations  of  quantities  of  matter;  all  calculations 
made  from  the  atomic  weight  of  elements  are  stoichiometrical 
calculations.    It  is  the  mathematics  of  chemistry. 

Since  a  oiolecule  is  made  up  of  atoms,  each  of  which  has  its 
definite  weight,  the  weight  of  the  molecule,  or  the  molecular 
weight,  is  the  sum  of  the  atomic  weights  of  its  constituents. 
Knowing  the  molecular  weight  of  any  compound,  the  number 
of  atoms  in  the  molecule,  and  the  atomic  weight  of  each  con- 
stituent atom,  it  is  easy  to  calculate  the  percentage  composi- 
tion (that  is.  the  composition  of  100  parts  of  the  substance). 

Representing  the  molecular  weight  by  w,  the  atomic 
weight  by  a.  the  number  of  atoms  of  each  constituent  by  «, 
and  the  percentage  amount  by  .r,  the  proportion  formed  is, 
m'.an  ~  100  :  x;  and  from  this  proportion  is  derived  the 
formula 

m 
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EXAMPLK  1. — The  Fonnuta  for  carbon  dioxide  is  CO,.     The  atomic 
weight  of  carbon  is  12,  and  of  oxygen  is  IB.     The  molecular  weight  of 
CO,,  then,  is  12  +  {16  X  2)  =*  44.    Then  stibstiluting  in  the  formula, 
12  X  1  X  100 


44 

16  X  2  X  100 
44 


27.27  per  cent.  C 
=  72.73  per  cent.  O 


The  same  principles  are  applied  in  calculating  the  weight  of 
substances  entering  into  or  resulting  from  chemical  reactions. 
The  reaction  must  first  be  expressed  in  the  form  of  an  equa- 
tion. The  molecular  weights  of  all  the  various  substances 
are  then  written  below  their  respective  formulas.  Having 
all  the  necessary  data,  the  problems  may  be  solved  by  the 
following  proportion: 

^s  the  moiecuiar  weight  of  the  given  substance  is  to  the  guan- 
iity  of  it  {that  is,  its  absolute  weight)  given  iu  the  problem,  so 
is  the  molecular  weight  of  the  required  substance  to  the  quantity 
of  it  required. 

Letting  M  ■=  molecular  weight  of  given  substance; 

nt  =  molecular  weight  of  required  substance; 
W  s=  absolute  weight  of  given  substance; 
w  ss  absolute  weight  of  required  substance. 

The  proportion  is  Af :  W  —  vi  :  w;  from  which  follows  the 
formula 

Af' 


w 


~  (2) 


Example  2.— Nitric  acid  is  forroefl  by  the  action  of  sulphnric  acid 
on  pota.ssium  nitrate,  in  accordance  with  the  equation 

A^XO,    +    /f,SO^  =  ffNO,  +  A-//5(9, 

pOOKHlum 


nitrate 


sulphur  Ic 
acid 


nitric 

BCtd 

ra 


potassium 

acid  sulphate 

1.% 


How  much  nitric  acid  can  be  prepared  from  500  pounds  of  potas- 
sium nitrate? 


SonjTloN. — Substituting  in  formula  2, 
500X63 

"'--loT^ 


:ni.S91b.    Ans. 


In  these  problems,  it  has  been  assumed  that  each  molecule 
of  the  factor  yields  one  in  the  product.  If  in  any  given 
reaction  this  is  not  true,  then  M  and  m  must  represent  the 
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sum  of  the  molecular  weights,  as  shown  in  the  equation. 
As  all  gaseous  molecules  have  the  same  volume,  we  are  able 
to  read  every  equation  representing  a  reaction  between 
gaseous  bodies,  not  only  quantitatively  but  volumclrically. 
Thus,  the  equation 


I 


2CO    + 

o. 

=     2CO, 

carbon 

oxygen 
32 

carbon 

monoxide 

d  foxide 

2X112+16) 

2  X  (12 +  82) 

A6 

88 

shows  that  two  molecviles  of  carbon  monoxide  and  one 
molecule  o£  oxygen  yield  two  molecules  of  carbon  dioxide, 
and  it  may  also  be  read:  two  volumes  of  carbon  monoxide 
and  one  volume  of  oxygen  yield  two  volumes  of  carbon 
dioxide.  It  must  be  remembered  that  these  volume  rela- 
tions only  hold  good  when  all  the  gases  are  measured  at  the 
same  temperature  and  pressure. 

34,  Thermometrlc  Beules. — Temperature  is  measured 
by  an  instrument  called  a  tliernioineter.  It  consists  of  a 
narrow  glass  tube,  at  one  end  of  which  is  a  bulb  filled  with 
mercury.  On  being  heated,  the  mercury  expands  in  pro- 
portion to  its  temperature.  Thermometers  are  graduated  in 
different  ways.  The  thermometer  in  general  use  in  the 
United  States  of  America  is  known  as  the  Fahrenheit 
thc^rmomuter.  The  point  that  the  mercury  reaches  in  the 
tube  when  the  instrument  is  placed  in  melting  ice  is  marked 
32°;  the  point  indicated  by  the  mercury  when  the  thermom- 
eter is  placed  in  water  boiling  in  the  open  air  at  the  level  of 
the  sea  is  marked  212°.  The  space  between  these  two  points 
is  divided  into  180  equal  parts,  called  cle^irrees,  and  the 
degree  divisions  continued  above  212*^  and  below  32**.  On 
this  instrument,  then,  the  zero  mark  is  32°  below  the  melting 
point  of  ice.  The  K^nnniur  thorraoniptor  has  the  melt- 
ing point  of  ice  marked  0°  and  the  boiling  point  of  water 
marked  80°;  this  instrument  is  in  common  use  in  Russia 
and  some  other  coimtries.  The  c(intlffi*»ide  thormometor 
is  in  general  use  in  France,  and  is  the  instrument  com- 
monly used  by  scientific  men  all  over  the  world.     On  this 
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thermometer,  the  melting  point  of  ice  is  marked  O''  and 
the  boiling  point  of  water  100°.  In  this  Section,  unless 
otherwise  stated,  all  temperatures  will  be  given  in  degrees 
centigrada.  

METRIC   SY8TKM  OF   WKIGHT8  AND   MKA8URES 

35.  Instead  of  using  the  complicated  English  system  of 
weights  and  measures,  chemists  generally  use  the  very 
simple  and  convenient  metric  systeiu.  This  system  is 
based  on  the  meter,  which  has  a  length  of  about  39.37  inches. 
There  are  three  principal  units:  the  meter,  the  liter,  and  the 
gram — the  units  of  length,  capacity,  and  weight,  respectively. 
Multiples  of  these  units  are  obtained  by  prefixing  to  the 
names  of  the  principal  units  the  Greek  words  deka  (10), 
keklo  (100),  and  kih  (1,000);  the  submultiplcs,  or  subdivi- 
sions, arc  obtained  by  prefixing  the  Latin  words  deci  (A), 
<enii  (Tin),  and  milU  (rsVir).  These  prefixes  form  tlie  key 
to  the  entire  system.  In  the  following  tables,  the  abbrevia- 
tions of  the  principal  units  of  these  submultiplcs  begin  with 
a  small  letter,  while  those  of  the  multiples  begin  with  a  cap- 
ital letter.  Chemists  commonly  use  cc.  instead  of  cm*  tor 
cubic  centimeter. 

The  equivalents  in  the  common  units  in  use  in  the  United 
States  are  given  in  connection  with  these  tables. 


10  millimetent  (mm.) 
10  ceotiraeters  .  .  . 
10  decimeters  .   .    .    . 

Ifl  meters 

10  dekameters  .  .  . 
10  hektoraeters  .  .  . 
10  kilometers   .   .   .   . 


MEA^VRKS    OF    L.ENUTH 

=  1  centimeter cm. 

«  1  decimeter dm. 

—  1  meter m. 

=  1  (lekameter Dm. 

=  1  hektometer Hm. 

=   1  kilometer Km. 

=  1  myriameter    .       Mm. 


1  meter  =  39.37  inches  =  3.2808  feet  =  1.0936  yards 

MRAH17RES    OF    SURFACE    (NOT    I^AKD) 

100  square  millimetert;  (mm*,)  .    .  =  1  sqimre  centimeter    ....  cm*. 

100  square  ceniimeters a  1  square  decimeter     .    .   .   .dm*. 

lOU  square  decimeters «=  I  square  meter m*. 

I  square  centimeter  =  .irioOl)  stiuare  iuch 
1  square  meter  =  10. 76:^!)  ^^qusre  feet  =i^  LKHH)  square  yards 
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MEASURK8    OF    VOLUME 

I, (WO  cubic  millimeters  (mm'.)     .  =  1  cubic  centimeter cm'. 

I.OIXJ  cubic  centimeters =  1  cubic  decimeter dm'. 

I, OIX)  cubic  decimeters *  1  cubic  meter m'. 

1  cubic  centimeter  «  .l)H102!i  cubic  inch 
1  cubic  meter  =  .S5.;<H  cubic  feet  =  1.307fl  cubic  yards 

CAPACITY 

=  1  centiliter cl. 

dl. 


10  centiliters     ., =  1  deciliter 


^^m 


-  1  liter 1. 

=  1  dekaliter Dl. 

.  =  I  hektoliter HI. 

=  1  kiloliter Kl. 

1  littr  =  C1.02:i  cubic  Inches  =  l.UMi"  liquid  quarts  =  .(K)7S  dry  quart 

NoTv.— Tbe  liter  Ic  equal  In  volume  to  1  cubic  dedmeter. 

MEA!^UnF8    OF    WEIGHT 

10  milllfsmmR  (mg.)     =  J  centigram eg. 

10  centiRraTTis =  1  decigram      dg. 

!(►  decigrams =  1  g^rum      g. 

10  grams =  1  dekagram I>g. 

10  dekagmms      »  1  hektngram Hg. 

10  hektogrums .   .   .  =  1  kiltigrura Kg. 

I.OIIO  kilograms =  1  ion T. 

1  gram  ™  IftAi^'I  grains  Tmy  =  .(KiW?  ounce  avnirdupots 

1  Itiiogram  =  2.2(Hrt  pounds  avnirdupois  =  2.671)2  pnunds  Troy 

1  metric  ion  =  1.1023  tons  of  2,000  pounds 

Nora.— The  rraiu  is  tlicweiK^it  of  I  cubic  cenclmelcr  ul  pure  diitlUed  water  ai  a 
temperature  of  4"  C:  thu  kilocram  is  the  veiaht  of  1  Uter  of  water;  the  nutrie  Ion  b 
the  wcigbt  of  I  cubk  meter  of  wutcr  at  i°  C. 
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INORGANIC  CHEMISTRY 


GENEU^L  CLASSIFICATION 

36.  The  elements  are  arbitrarily  divided  into  two  classes 
— metaU  and  mclailoids,  or  non-metats.  This  division  was 
made  in  ihe  latter  part  of  the  18th  century,  when  only  a 
few  of  the  elements  were  known.  With  the  rapid  progress 
o(  chemistry  and  the  frequent  additions  to  the  number  of 
elements  known,  it  has  become  impossible  to  draw  as  sharp 
and  clear  a  line  of  demarcation  as  formerly.  In  fact,  opin- 
ions differ,  and  some  elements  that  are  termed  metalloids 
by  one  authority  are  classed  among  the  metals  by  another. 
The  metallic  properties  of  some  metals  are  apparent,  and  it 
is  equally  apparent  that  some  other  substances  are  not 
metals,  while  others,  lying  between  these,  are  hard  to 
classify.  However,  metals  as  a  whole  form  oxides  which 
act  as  bases,  while  non-metallic  oxides  form  acids.  In  the 
first  class  are  placed  such  elements  as  gold,  silver,  lead, 
and  copper;  in  the  second,  those  that  are  gases  at  ordinary 
temperatures,  such  as  oxygen,  chlorine,  and  hydrogen, 
together  with  some  solids,  as  sulphur. 

The  metals  exceed  in  number  the  non-metals;  at  present 
about  fifty-nine  metals  and  nineteen  non-metals  are  known. 
These  seventy-eight  elements  are  the  foundation  on  which 
the  whole  science  of  chemistry  is  built,  and  every  kind  of 
matter  that  has  been  examined  has  been  found  to  be  made 
up  of  some  of  these  elements,  either  united  as  a  compound 
or  in  the  uncombined  state. 

Some  of  the  elements  are  very  abundant  and  occur  widely 
distributed  in  nature,  while  others  have  been  found  only  in 
such  minute  quantities  that  thetr  examination  has  been 
extremely  difficult  and  not  always  entirely  satisfactory. 
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N'ON-METALR  OR  METALI^OIDS 

37.  Before  considering  the  most  important  metals,  sonie' 
of  the  most  important  non-metals  will  be  discussed;  these 
are:  hydrogtni.,  oxygen,  nitrogen,  chlorine,  sulphur,  phosphorus^ 
carbon,  and  si/iron.  The  atomic  weight  given  with  the  descrip- 
tion of  each  clement  is  the  approximate  value,  which  is  the 
more  convenient  to  use  and  is  satisfactory  for  all  ordinary 
calculations.     The  more  exact  value  will  be  found  in  Table  I. 


IIY]>ROOKN 

Symbol  H.  Atomic  weight  7.  I'alenee  /,  Density  1. 
Molecular   weight   2. 

38.  Occurrt?iice. — ItydroKen  occurs  to  some  extent  in 
the  free  condition,  and  issues  from  the  earth  in  small  quan- 
tities in  some  localities.  It  is,  for  example,  a  constituent  of 
the  gases  that  escape  from  some  oil  wells.  It  occurs,  chiefly, 
however,  in  combination  with  oxygen,  as  water,  of  which  it 
forms  11.11  per  cent.  It  occurs  also  in  most  animal  and 
vegetable  substances.  In  these  products  of  life,  it  is  com- 
bined with  carbon  and  oxygen  or  with  carbon,  oxygen,  and 
nitrogen.     Hydrogen  also  occurs  in  petroleum,  bitumen,  etc. 

39.  Properties. — Hydrogen  is  a  colorless,  odorless, 
and  tasteless  gas.  It  is  the  lightest  matter  known,  being 
14.43  times  lighter  than  air  and  11,000  times  lighter  than 
water.  Its  molecular  weight,  therefore,  is  smaller  than  that 
of  any  other  known  substance.  Its  refractive  power  on  light 
is  remarkable,  being  6.614  times  that  of  air.  It  is  soluble  to 
a  very  slight  extent  in  water,  100  volumes  of  which  dissolve 
but  li  volumes  of  hydrogen.  Hydrogen  is  the  standard  of 
density  for  gases.  One  liter  weighs  .0899  gram.  Calculations 
in  which  this  value  enters  may  be  simplified  by  taking  it 
as  .Oy  gram,  a  value  near  enough  to  the  actual  one  for  most 
practical  purposes.  It  is  one  of  the  most  nearly  permanent 
gases,  having  only  within  the  last  few  years  been  condensed 
to  a  liquid.  Its  boiling  point  under  atmospheric  pressure 
is  -  252.5°  C. 
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Hydrogen  is  combustible;  that  is,  when  heated  to  about 
500°  C.  it  becomes  capable  of  combining:  with  the  oxygen  of 
the  air;  light  and  heat  being  evolved  in  the  process.  The 
flame  of  burning  hydrogen  is  pale,  and.  under  atmospheric 
pressure,  is  scarcely  luminous,  though  it  becomes  bright  if 
llie  pressure  is  increased.  The  heat  evolved  by  it  is  very 
great,  the  burning  of  1  gram  producing  heat  enough  to  raise 
34,462  grams  of  water  from  0°  to  1°C.  It  does  not  support 
combustion  or  respiration;  a  lighted  candle  placed  in  it  is 
extinguished  and  animals  die  when  confined  in  it. 

Hydrogen  is  capable  of  being  absorbed  or  occluded  by 
many  metals  at  a  more  or  less  elevated  temperature.  Of 
these  metals,  palladium  is  the  most  remarkable,  being  able 
at  an  ordinary  temperature  to  take  up  over  900  times  its  own 
volume  of  hydrogen. 


OXYG£N 

Symboi  O,  Atomic  weight  16.  Vaicnce  II.  Molecular 
weight  32. 

40.  Occurrpnoe. — Oxygen  occurs  abundantly  in  nature, 
both  in  the  free  state  and  in  combination  with  other  elements. 
It  occurs  uncombined  in  the  atmosphere,  of  which  it  con- 
stitutes about  one-fifth.  In  the  combined  form,  it  constitutes 
eight-ninths,  by  weight,  of  water,  and  nearly  one-half  of  the 
earth's  solid  crust.  It  also  occurs  io  a  more  active  state  as 
ozone,  having  the  formula  O,. 

41,  Properties. — Oxygen  is  an  odorless,  colorless,  and 
tasteless  gas.  It  is  somewhat  heavier  than  air,  the  ratio 
being  about  1.105  for  oxygen  to  1  for  air.  It  is  only  slightly 
soluble  in  water,  100  volumes  of  water  dissolving  about 
3  volumes  of  oxygen.  Oxygen  can  be  condensed  to  a  light 
blue  liquid  that  boils  at  — 1S4°C.  Oxygen  is  capable  of 
entering  .into  combination  with  nearly  all  the  elements,  but 
In  the  state  in  which  it  is  usually  obtained  heat  is  necessary 
to  accomplish  this  union. 

Combusilon,  in  the  ordinary  sense  of  the  word,  is  the 
result  of  the  union  of  oxygen   with  some  other   element, 
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the  process  of  union  being  attended  with  Hpht  and  heat. 
When,  for  instance,  hydrogen,  sulphur,  carbon,  phosphorus, 
sodium,  or  iron  are  brought  in  contact  with  oxygen  at  a 
suitable  temperature,  they  burn,  evolving  heat  and  light. 
thus  producing  oxides  of  these  substances.  Oxygen,  there- 
fore, is  an  intensely  active  substance,  in  which  the  rapidity 
of  ordinary  combustion  is  vastly  increased.  It  is  respirable 
when  pure,  and  causes  a  quickening  of  the  circulation. 


COMPOUNUS    <>K    IIYIinOGEN    AM>    OXY«KN 

■12,  There  are  two  compounds  of  hydrogen  and  oxygen, 
namely,  water,  H,0,  and  hydrogen  peroxide^  HyO.,.  Water  is 
one  of  the  most  important  substances  in  nature,  and  while 
hydrogen  peroxide  Is  of  considerable  interest  to  the  chemist 
and  of  some  importance  in  the  arts,  it  is  not  of  sufficient 
importance  to  justify  more  than  a  reference  to  it  in  this  Section. 

43.  WnU'r. — Every  one  is  familiar  with  the  occurrence  of 
w^ater  in  its  three  physical  forms:  as  a  solid  (ice),  as  a  liquid 
(water),  and  as  a  gas  (steam).  Between  the  temperatures 
of  O^C.  and  100°  C,  water  is  a  tasteless,  colorless,  odorless, 
and  limpid  liquid.  The  most  characteristic  property  of  water 
is  its  great  solvent  power,  there  being  comparatively  few  sub- 
stances that  it  does  uot  dissolve  in  large  or  small  quantities. 
It  has  neither  an  acid  nor  an  alkaline  reaction  and  is  a  poor 
conductor  of  heat  and  electricity.  When  cooled  to  0**  C,  il 
solidifies  into  ice;  when  heated  to  100^  C,  it  is  changed  to 
steam.  It  unites  with  most  oxides,  forming  either  acids  or 
bases.  It  is  the  standard  of  specific  gravity  for  liquids  and 
solids;  and  in  the  metric  system  1  cubic  centimeter  of  water 
at  4°  C.  weighs  1  gram. 

Chemically  pure  water  is  usually  obtained  by  freezing 
natural  water  from  the  small  quantity  of  foreign  substance 
that  it  contains:  and  as  most  of  these  bodies  are  in  the  state 
of  solution,  the  water  is  commonly  purified  by  distillation. 

By  means  of  an  electric  current,  water  can  be  decomposed 
into  the  elements  hydrogen  and  oxygen,  the  volume  of  the 
hydrogen  produced   being   twice  that  of   the   oxygen,  and 
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its  weight  one-eigrhth  that  of  the  oxy^fen.  When  hydrogen 
burns,  it  unites  with  the  oxyeen  of  the  air,  formine  water. 
If  2  volumes  of  hydrogen  are  mixed  with  1  vcJume  of 
oxygen,  and  the  mixture  ignited  (best  by  means  of  an  electric 
spark),  a  violent  explosion  takes  place;  and  if  the  original 
gases  have  been  measured  at  a  temperature  above  100°  C, 
and  the  resulting  water,  as  steam,  be  measured  at  the  same 
temperature,  it  will  be  found  that  the  3  volumes  of  mixed 
gases  yield  2  volumes  of  steam. 

44.  OxUliitlon  and  Reduction- — It  has  been  seen  that 
oxygen  is  an  exceedingly  active  element,  combining  with 
many  other  substances  to  form  oxides.  Such  addition  of 
oxygen  is  called  oxidntlon.  Copper,  for  example,  if  heated 
in  oxygen,  is  converted  into  the  black  copper  oxide,  CuO. 
If  ibis  copper  oxide  is  heated  in  hydrogen,  the  hydrogen  will 
combine  with  the  oxygen  of  the  copper  oxide  and  set  free, 
or  reduce,  the  metal.  Thus,  CuO  +  //,  ^  Cu  +  H,0.  Any 
process  by  which  oxygen  is  removed  from  a  compound  is 
called  a  reduction  process,  and  the  substance  used  to  bring 
about  this  reduction  is  called  a  rcdiiclnjc  ti^eut. 

The  terms  oxidation  and  reduction,  however,  mean  more 
than  the  addition  or  removal  of  oxygen.  Oxidation  may  be 
defined  as  any  process  by  which  oxygen  is  added  to  an  ele- 
ment or  compound,  or  by  which  the  valence  of  an  element 
is  increased.  The  reverse  of  this  is  reduction,  which  may  be 
defined  as  any  process  by  which  oxygen  is  removed  from  a 
compound,  or  by  which  the  valence  of  an  element  is  decreased. 

It  is  evident  that  in  any  process  of  reduction  there  must 
also  be  oxidation,  the  reducing  agent  being  oxidized.  Thus, 
ia  the  example  of  the  reduction  of  copper  oxide  by  the 
reducing  agent  hydrogen,  the  hydrogen  itself  is  oxidized. 


cnr.oRiNB 
Symbof  CI.     Atonik  weight  35.3.     Valence  /,  ///,   K,  and 
VJI.     Molecular  weight  71. 

45.     Occurrence. — Chlorine    is    not    known    to    exist 
free  in  nature,  but.  as  chlorides,  it  is  widely  distributed  in 


i__i 


26  ELEMENTARY  CHEMISTRY  §28 

combination  with  metals.  The  most  important  of  these  is 
soiiium  chhride,  NaO,  or  common  salt,  which  not  only  occurs 
in  enormous  quantities  dissolved  in  sea-water,  and  the  water 
of  salt  springs,  but  also  occurs  in  immense  beds  of  rock  salt. 

46.  Pi-opert!e8. — Chlorine  is  a  yellowish- green  gas 
with  a  suffocating  odor  and  taste,  causing  coughing  when 
present  in  only  minute  quantities,  and  if  inhaled  in  larger 
quantities,  causing  serious  inflammation  of  the  lungs  and 
air  passages.  It  is  nearly  2h  times  as  heavy  as  air.  At  a 
temperature  of  — 40°C.,  or  at  a  pressure  of  four  atmos- 
pheres, it  condenses  to  a  dark  yellow  liquid,  having  a 
specific  gravity  of  1.38.  It  is  quite  soluble  in  water,  1  vol- 
ume of  water  dissolving  between  2  and  3  volumes  of  the 
gas,  forming  a  solution  that  has  essentially  the  same  prop- 
erties as  the  gas  itself. 

In  its  chemical  properties,  chlorine  is  an  exceedingly 
active  substance;  even  at  an  ordinary  temperature,  it  com- 
bines with  many  elements  and  acts  on  many  compounds. 
Many  metals  combine  with  chlorine  with  the  evolution  of 
light,  and  all  metals  are  capable  of  combining  with  it,  form- 
ing chlorides.  Chlorine  also  unites  readily  with  many  non- 
metals.  The  attraction  of  chlorine  to  hydrogen  is  specially 
strong,  the  two  gases  exploding  violently  when  mixed 
together  and  exposed  to  sunlight.  Owing  to  its  slight 
attraction  to  oxygen,  it  does  not  burn  in  the  air  at  any 
temperature.  Chlorine  is  largely  used  as  a  bleaching  and 
disinfecting  agent. 

47.  Hydrochloric  ncld,  /fO,  also  known  as  muriatic 
Bcld,  is  the  only  known  compound  of  hydrogen  and  chlorine. 
It  is  a  colorless  gas  with  a  sharp,  pungent  odor,  fuminjj 
strongly  in  the  air.  It  cannot  be  breathed  and  extinguishes 
flame.  By  cold  and  pressure,  it  may  be  condensed  to  a 
colorless,  limpid  liquid.  Hydrochloric  acid  is  remarkably 
soluble  in  water,  1  volume  of  which  dissolves  450  volumes 
of  the  gas  at  15°  C,  forming  a  strongly  acid  liquid.  This 
solution  of  the  gas  in  water  is  what  is  ordinarily  called 
hydpoc'lilorlc  iicld. 
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Hydrochloric  acid  is  a  strong  acid,  readily  tumins:  blue 
litmus  red,  neutralizing  bases,  and  attacking  many  metals 
with  the  formation  of  the  corresponding  chloride  and  the 
liberation  of  hydrogen.     With  zinc  the  reaction  is: 

Zn     +     IHCl  =    ZttCl,  +    jV, 

sine        hydrochloric       zinc        hydrogCD 


acid 


chloride 


THK    HAlvOOEN    GROUP 

48.  The  three  elements,  bromine^  iodine^  and  fluorine^ 
together  with  chlorine,  constitute  the  group  known  as  the 
halogens.  As  most  acids  are  oxyacids,  their  corresponding 
salts  must  contain  oxygen,  and  consequently  are  ternaries. 
The  halogens,  however,  possess  the  property  of  yielding  salts 
by  direct  union  with  the  metals,  and  these  salts  are.  of 
course,  binaries.  All  of  this  group  form  acids  analagous  to 
bydrochloric  acid,  and  these  acids  consist  of  the  element 
combined  with  hydrogen  and  contain  no  oxygen.  In  general, 
these  elements  resemble  chlorine,  bromine  being  a  heavy, 
red,  bad-smelling,  and  very  volatile  liquid.  Iodine  is  a  dark 
solid,  but  is  easily  converteJ,  by  heat,  into  a  violet  vapor. 
Fluorine  is  a  gas.  In  chemical  properties,  these  elements  also 
resemble  chlorine;  but  bromine  is,  in  general,  less  active 
than  chlorine,  and  iodine  less  than  bromine.  On  the  other 
hand,  fluorine  is  more  active  than  chlorine,  its  tendency  to 
combine  with  other  elements  being  so  great  that  difficulty 
is  encountered  in  preparing  it  in  the  free  state.  Its  acid, 
hydrolliioru  acid^  HF,  is  of  interest  from  the  fact  that  it 
dissolves   silica   and   glass. 


SULPHUR 

Symbol  S.     Aiomic  weighi  32.     Vaience  If,  IV,  and  VL 

49.  Occurrence. — Sulphur  occurs  free  in  nature,  prin- 
cipally in  the  vicinity  of  active  or  extinct  volcanoes.  It  is 
separated  from  the  accompanying  rock  by  fusion.  Besides 
occurring  in  the  free  state,  it  is  found  in  certain  mineral 
springs  in  the  form  of  hydrogen  sulphide,  and  is  otherwise 
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widely  distributed   in    nature    in  combination  with   various 
metals,  as  sulphides  and  sulphates.  ■ 

50*  Properties. — Sulphur  is  capable  of  existing  in  three 
distinct  allotropU*^  forms  or  modifications.  The  most  com- 
mon form  of  sulphur,  the  one  thai  is  found  in  the  natural 
state,  and  to  which  the  others  tend  to  chans^e,  is  a  lemon-  fl 
yellow  brittle  solid,  crystallizing  in  orthorhombic  octahedrons, 
and  having  a  specific  gravity  of  2.05;  insoluble  in  water  and 
soluble  in  carbon  bisulphide.  Another  form  is  also  crystal- 
line: but  the  crystals  are  different  from  the  first.  Still  a 
third  variety  is  plastic,  having  a  consistency  like  gum. 
Each  variety  melts  at  115°  C,  becoming  a  pale-yellow 
limpid  liquid;  as  the  temperature  is  increased,  it  becomes 
dark  in  color  and  viscous,  until,  between  200°  and  250°  C. 
the  vessel  may  be  inverted  without  the  sulphur  running  out 
of  it.  At  about  850°  C,  it  becomes  a  liquid  again,  which 
boils  at  4'I0'^  C.  During  cooling,  these  phenomena  occur  in 
reverse  order.  fl 

The  molecular  weight  of  sulphur  varies,  being  less  nt  high 
temperatures  than  at  low  temperature.  The  molecular  formula 
for  sulphur  vapor  slightly  alx>ve  its  boiling  point  is  .9,,  and, 
at  temperatures  above  SOO*^,  5,.  When  heated  to  260°  C.  in 
the  air,  sulphur  takes  fire  and  burns  with  a  pale-blue  flame 
and  emits  a  suffocating  odor.  Sulphur  readily  combines  with 
the  metaU,  many  of  which  take  fire  if  thrown  in  its  vapor,  h 
Sulphur  combines  with  many  of  the  non-metals.  | 

In  the  arts,  sulphur  is  extensively  used  in  the  manufacture 
of  sulphuric  acid  and  gunpowder,  for  bleaching  vegetable  and  h 
animal  matter,  and  for  other  purposes.  | 

51.  Compoiiml**.— Sulphur  forms  a  very  large  number 
of  compounds.  IlydroBron  sulphide,  H,S^  is  a  colorless 
combustible  gas  having  a  very  disagreeable  odor,  which 
resembles  that  of  rotten  eggs.  Hiilphur  illnxttle,  SO^,  is  a 
colorless  incombustible  gas,  having  the  suffocating  odor  of 

•Whenever  an  elemrnt  occurs  in  two  or  more  disiinct  forms,  it  is 
said  to  exhibit  allotropy,  and  the  less  common  varieties  are  said  to  ba 
inotropic  fomiii  of  that  etumeot.  Uzygcn  exists  iu  the  allotroplc  (onn 
as  osone. 
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burning  sulphur.  Bnlplinrlc  acid,  i/,SO„  is  a  heavy,  oily 
liquid,  devoid  of  odor,  and  a  very  strong  dibasic  acid,  that  is, 
it  contains  two  atoms  of  hydrogen  capable  of  being  replaced 
by  a  metal.  It  is  an  exceedingly  important  substance,  being 
used  extensively  in  the  manufacture  of  other  acids,  alkalies, 
and  other  substances. 


NITROGEN 

Symbol  N.     AiomU  weight  14.     Valeruc  III  and  K    MoUm 
lar  weight  28. 

52.  Occurrence. — Nltroiren  occurs  in  the  free  state  in 
the  air,  of  which  it  constitutes  about  four-fifths  by  bulk;  it  is 
found  in  native  nitrates,  combined  with  oxygen  and  metals, 
and  is  an  essential  constituent  of  many  bodies  of  plant  or 
animal  origin. 

53.  Properties. — Nitrogen  is  a  colorless,  odorless,  and 
tasteless  gas.  It  differs  remarkably  in  its  properties  from 
oxygen,  with  which  it  is  associated  in  the  air.  While  oxygen 
is  specially  characterized  by  its  great  chemical  activity,  nitro- 
gen is  one  of  the  most  inactive  bodies,  catering  into  direct 
combination  with  only  a  few  elements.  With  oxygen  itself, 
it  only  combines  at  exceedingly  high  temperatures.  Nitrogen 
extinguishes  burning  bodies  introduced  into  it.  It  is  one  of 
the  gases  most  difficult  to  condense  to  a  liquid,  boiling  at 

H  -194°  C.     Ft  is  very  slightly  soluble  in  water. 

54.  Air. — The  atmoHphero  is  mainly  a  mixture  of 
nitrogen  and  oxygen,  containing  approximately  21  per  cent, 
oxyiren  and  79  per  cent,  nitrogen  by  volume,  or  23  per  cent. 

Oxygen  and  77  per  cent,  nitrogen  by  weight.  However,  it 
^ocs  not  consist  wholly  of  these  two  elements,  but  always 
Contains  small  amounts  of  carbon  dioxide,  CO^,  vapor  of 
'Water,  and  argon.  Exceedingly  minute  quantities  of  helium, 
Vjcon,  krypton,  and  xenon  are  also  always  present,  and  in 
X>articular  localities,  practically  any  other  gas  may  be  present. 
The  presence  of  ammonia,  hydrogen  sulphide,  sulphur  diox- 

"ide,  oxides  of  nitrogen,  and  ozone  can  generally  be  detected 

"by  careful  examination. 
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55.  CoinpoiiTKls  of  Nltrofcen. — Notwithstanaing  the 
fact  that  the  element  nitrogen  is  exceedingly  inactive  chemi- 
cally, some  of  its  compounds  are  very  active  substances. 
yl/nmmtia,  A7/„  is  a  gas  having  a  pungent  irritating  odor. 
It  can  be  liquefied  rather  easily.  Ammonia  is  very  soluble 
in  water,  and  it  is  this  solution  of  the  gas  that  is  commer- 
cially well  known  as  ammonia  qt  hartshorn.  The  solution  of 
ammonia  acts  like  a  base,  the  ammonia  combining  with  the 
water  to  form  ammonium  hydrate. 

NH,  +  H,0  =  NH.OH 
ammonia    water    ammonium 
hydrate 

The  group  A^/A,  or  ammonium^  is  a  compound  radical, 
behaving  as  a  metal. 

Nitric  acid^  /INO»,  is  a  liquid  with  an  acid  odor;  it  is  a 
powerful  acid,  and  has  a  strong  oxidizing  action.  It  is 
sometimes   known   as    aqua   foriis. 
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PHOSPnORUS 

Symbol  P.     Atomic  weight  31,      Vaienci  III  and  V. 

56,  Occurrence— ^I'liosplioriis  never  occurs  free  in 
nature.  It  is  present  in  bones  in  the  form  of  calcium  phos- 
phate, CaAPO^),.  Several  minerals  also  contain  phosphates 
of  different  metals. 

57,  Properties. — Phosphorus  exists  in  several  allo- 
tropic  modifications,  the  common  form  being  a  pale  yellow, 
nearly  transparent,  wax-like  solid  that  is  very  poisonous, 
easily  inflammable,  and  that  glows  and  emits  a  white  smoke 
if  exposed  to  the  air.  It  burns  in  air  if  heated  to  W  C* 
and  therefore  must  be  kept  under  water.  Red  phosphorus, 
another  variety,  is  not  a  poison,  and  can  be  kept  in  the  air. 
While  the  molecules  of  most  elements  consist  of  two  aloni.s, 
the  phosphorus  molecule  contains  four  atoms. 
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CARBON 

SymM  C.     Afornic  weight  12.      Valence  11(f)  and  IV. 

58-     Occurrence. — Carbou    occurs    in    nature    in    two 

crystalline   modifications,   known  as  diamond  and  graphite, 

lore  or  less  impure  carbon  is  found  in  the  various  kinds  of 

■y^\  and,  combined  with  hydrogen,  in  bitumen  and  petroleum, 

Vitb  oxygen  and  calcium,  it  forms  limestone.     In  addition 

to  these,  carbon  is  an  essential  constituent  of  all  compounds 

of  organic  origin.     Few  elements  are  capable  of  assuming  so 

^many  aspects  as  carbon:    the   transparent,  colorless,  hard, 

crystalline    diamond;     the     opaque,    soft,    metallie-looking 

graphite;  the  dull  and  porous  wood  charcoal — all  these  are 

I  carbon.     It  also  occurs  under  other  conditions  as  lampblack, 
ftntbracite,  coke,  etc. 
59.     Properties. — Carbon  in  the  form  of  the  diamond  is 
crystalline,   usually   transparent,   colorless,    and   has   great 
brilliancy.     Its   specific   gravity  is  about  3.5.     It   is  a  bad 
conductor  of  both  heat  and  electricity,  and  is  the  hardest 
substance  known. 
^H     The  form  of  carbon  known  as  graphite  is  a  lead-colored 
^Bolid  with  a  metallic  luster  and  a  specific  gravity  of  from 
^Hjip  2.2;  it  crystallizes  in  a  form  different  from  the  diamond. 
^^wStt  to  the  metals,  it  is  one  of  the  best  condup(qrs  of  hcat^ 
\  *^nd  cTectriciiy,  is  soft,  and  is  used  in  the  manufacture  of  lead 
tjencilBj  tl  !5  tiseTTalso  as  a  lubricant,  as  a  facing  material  in 

Koundry  work,  and  for  other  purposes. 
Various  sorts  of  amorphous  carbon  are  known  as  charcoal^ 
ampbiackt  cpkt\  etc.  These  are  all  devoid  of  crystalline 
tructure,  and  are  exceedingly  useful  substances.  The  power 
lo  conduct  heat  and  electricity  is  generally  greater  the  longer 
the  carbon  has  been  exposed  to  a  high  temperature. 
^_  All  varieties  of  carbon  are  practically  infusible  and  non- 
^frolatile,  even  at  the  highest  temperatures,  except  that  of  an 
electric  arc.  \u  which  the  carbon  seems  to  vaporize.  The 
molecular  weight  of  carbon  is  not  known,  but  the  molecules 
are   probably  composed  of  a  large  number  of  atoms.      At 
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ordinary    temperatures   carbon   is    insoluble    in    all    known 
solvents. 

Carbon  cpn  unite  directly  with  many  elements;  but  in  the 
case  of  all  elements,  except  fluorine,  it  is  necessary  to  bring 
the  two  together  at  high  temperatures.  The  number  of 
known  compounds  of  carbon  is  far  greater  than  of  any  other 
element.  The  elements  most  frequently  entering  into  these  « 
compounds  are  hydrogen,  oxygen,  and  nitrogen.  | 

Though  the  temperature  necessary  to  bring  about  the 
combination  varies,  being  highest  for  graphite  and  diamond, 
when  any  of  the  three  varieties  of  carbon  bum  in  sufficient 
oxysreo  the  product  is  cathoft  dioxide^  CO,,  which  is  a  color- 
less gas  with  a  slightly  pungent  odor  and  taste.  It  is  about  h 
Itf  times  as  heavy  as  air.  can  be  liquefied  by  cold  and  prcs-| 
sure,  and  neither  burns  nor  supports  combustion.  Water  dis- 
solves about  its  own  volume  of  carbon  dioxide,  and  the 
resulting  liquid  contains  carbonic  tuui^  //^CO,.  This  acid, 
however,  cannot  be  isolated  in  the  pure  stale,  as  it  readily 
breaks  up  into  //.^and  CO,;  but  its  salts  arc  of  considerable 
importance.  Since  it  contains  two  hydrogen  atoms  that  can 
be  replaced  by  metals,  it  forms  normal  carbonates  as  well 
as  acid  carbonates  or  bfrarbonates. 

Carbon  monoxide,  CO,  is  a  colorless,  odorless,  poisonous 
gas.  It  is  nearly  as  heavy  as  air,  is  hard  to  condense  to  n 
liquid,  boiling  at  —  1!X)°  C,  is  very  slightly  soluble  in  water, 
and  burns  with  a  blue  Hame,  forming  carbon  dioxide.  It  i.t 
a  strong  reducing  agent.  All  ordinary  forms  of  fuel  consist 
of  carbon  alone,  or  of  carbon  with  more  or  less  hydrogen. 
On  complete  combustion,  the  products  are  carbon  dioxide 
and  (if  hydrogen  is  in  the  fuel)  water.  When  the  combus- 
tion is  incomplete,  carbon  monoxide  moy  also  be  fonne<!. 

In  consequence  of  its  strong  affinity  for  oxygen  at  high 
temperatures,  carbon  is  an  excellent  reducing  agent,  and 
many  metals  are  reduced  from  their  oxides  by  means  of  one 
of  the  forms  of  carbon.  In  such  operations,  the  carbon  not 
only  bums  with  the  oxygen  of  the  air  to  furnish  the  neces- 
sary hcit,  hut  part  of  it  removes  the  oxygen  from  the  oxide 
of  the  metal. 
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SILICON 

Symbol  Si.    Atomic  Weight  28.     yaicnte  IV, 

60.  Occurrence  an<l  Properties. ^Silicon  does  not 
occur  free  in  nature,  but  it  is  found  most  abundantly  in  com- 
bination with  oxygen.  In  combination  with  oxygen,  as  well 
as  with  aluminum,  potassium,  calcium  and  other  elements,  it 
constitutes  a  large  portion  of  all  known  rock  formations. 

There  exists  a  considerable  analogy  between  carbon  and 
silicon.  It  is  a  solid  occurring  in  two  forms.  Crystalline 
silicon  forms  black  octaliedral  crystals,  of  a  specific  gravity 
2.5,  that  will  scratch  glaiis;  it  is  not  oxidized  on  heating  in 
the  air,  and  it  melts  at  about  1,500'^.  Amorphous  silicon  is  a 
reddish-brown  powder  with  a  specific  gravity  of  2.35;  it  burns 
in  the  air,  forming  silicon  dioxide  SiO,. 

61.  silicon  dloxlflc,  better  known  under  the  name 
of  fell  lea,  occurs  widely  distributed  in  nature.  Its  purest 
natural  form  is  a  transparent  and  colorless  variety  of  rjuarta 
known  as  rack  crystal,  which  is  recog"nized  by  its  great  hard- 
ness, scratching  glass  almost  as  readily  as  the  diamond. 
Sand,  of  which  the  white  varieties  are  nearly  pure  silica, 
appears  to  have  been  formed  by  the  disintegration  of  sili- 
cious  matter,  and  has  very  often  a  red  or  yellow  color,  owing 
to  the  presence  of  iron  oxide.  Flint  consists  essentially  of 
silica  colored  with  various  imparities.  Silicon  dioxide,  in 
the  form  in  which  it  is  usually  obtained,  is  a  white  amor- 
phous powder.  It  has  a  specific  gravity  of  2.6,  and  is  fusible 
Only  by  means  of  the  oxyhydrogen  blowpipe. 


THE  METALS 

62.     As  a  rule,  ntetulH  are  distinguished  physically  by 

teing  opaque,  by  having  a  certain  luster  known  as  metallic 

luster,  and  by  being  good  conductors  of  heat  and  electricity. 

"Except  mercury,  which  ts  a  liciuid  at  ordinary  temperatures, 

all  metals  are  solids.     Chemically,  the  metals  are  capable  of 

jeplacing  the  hydrogen  of  acids,  forming  salts. 
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Combinations  of  metals  with  each  other  are  called  alloys, 
while  alloys  of  mercury  are  known  as  aniulgritiuH.  Generally, 
alloys  are  not  deAnite  chemical  compounds,  but  are  merely 
mixtures  of  different  metals;  only  occasionally  is  an  alloy 
a  true  chemical  compound.  The  properties  of  metals  and 
alloys  are  sometimes  modified  to  a  remarkable  extent  by  the  h 
presence  of  minute  quantities  of  other  elements.  | 

There  is  a  similarity  between  the  compounds  of  the  metals 
with  the  non-metals  and  the  corresponding  compounds  of 
hydrogen  with  the  same  non-metals.  In  fact,  most  metallic 
compounds  may  be  considered  as  being  constructed  on  fl 
the  model  of  a  corresponding  hydrogen  compound.  Thus, 
metallic  oxides  may  be  considered  as  water  in  which  the 
two  hydrogen  atoms  have  been  replaced  by  a  metal;  hydrates  fl 
may  be  considered  as  water  having  one  of  its  hydrogen  atoms 
replaced  by  a  metal.  Metallic  sulphides  are  derived  from 
hydrogen  sulphide,  N,S.  From  the  definition  of  a  salt, 
it  is  seen  that  salts  must  be  considered  as  derived  from 
the  acids. 


Symbot    Na. 
gravity  .Ul . 


8oniUM 

Atomic    wcifihi    23. 


I'a/ettce    f.      Specific 


63,  Occurrence  nnd  Projiertloe. — 8i>dliiin  is  abim- 
dantly  and  widely  distributed  in  nature,  but  occurs  only  in 
combined  forms.  As  sodium  chloride,  it  is  found  not  only 
in  sea-water,  but  also  in  enormous  deposits  of  rock  salt;  as 
sodium  nitrate  (Chile  saltpeter)  it  occnrs  in  South  America. 
As  sodium  silicate,  it  is  a  constituent  of  many  minerals  and 
crystalline  rocks.  Traces  of  sodium  salts  are  always  found 
in  the  atmospheric  dust. 

Sodium  is  a  shining,  white,  soft  metal,  melting  at  96.6°  C. 
and  volatile  at  742°  C,  forming  a  colorless  vapor.  It  quickly 
oxidizes  in  the  air,  hence  it  is  preserved  in  petroleum.  It 
bums  with  a  yellow  flame. 

Sodium  forms  a  large  number  of  compounds,  the  best 
known  of  which  are:  sodium  hydraie,  A'aC?^  (caustic  soda), 
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sodium  chhridc,  NaCl  (common  salt),  sodium  sulphate,  Na^SOt, 
(Glauber's  salt),  sodium  nitrate,  NaNO,  (Chile  saltpeter), 
sodium  carbonate,  JVajCO,,  and  sodium  biearbonate,  NaliCOt. 


POTASSIUM 

Symbol  K.  Atomic  weight  S^ .    Valence  f.   Sped  fie  gravity  .86. 

64.  Occurreuce  ami  Properties. — Compounds  of 
{totassliini  occur  in  nature  very  extensively.  Potassium 
exists  principally  in  the  silicates,  especially  feldsp:ir  and 
mica.  The  largest  source  of  supply,  however,  is  the  double 
salts  of  potassium  and  magnesium,  known  as  cantallite, 
Mga,.Ka,MLO,  and  kainiie,  K,SO,.MgSO.MsCL,^H^Q, 
found  in  the  mines  of  Slassfurt,  Germany. 

Potassium  has  a  stiver-white  luster,  and  is  almost  as  soft 
as  wax  at  ordinary  temperatures.  It  melts  at  62.5°  C.  and 
boils  at  about  720°  C,  turning  then  to  a  green  vapor.  It 
quickly  oxidizes  in  moist  air,  its  surface  becoming  covered 
with  potassium  hydrate.  Like  sodium,  it  has  to  be  preserved 
under  petroleum.  U  decomposes  water,  forming  potassium 
hydrate  and  hydrogen;  considerable  heat  being  evolved,  the 
hydrogen  ignites  and  burns  with  a  violet  flame,  due  to  the 
volatilized  potassium. 


CALCIUM 

Symbol    Ca.     Atomic    weight    iO.      Valence    If.    ^Specific 
gravity   2.58. 

66.     Oocurrenc'C,    Properties,    and    Compouuds, — 
C'aleluin  does  not  occur  free  in  nature.     Calcium  carbonate 
and  calcium  sulphate  occur  in  very  large  deposits.     Calcium 
silicate  is  a  constituent  of  nearly  all  silicious  minerals,  and 
Calcium  phosphate  occurs  as  apatite  and  phosphorite.     Cal- 
cium, as  a  metal,   in  its  free  state,  is  of  no   commercial 
interest  or  value;  but  a  number  of  its  compounds  are  of 
jrreat  importance.     Calcium  oxide,  CaO,  is  known  as  burnt 
lime  and  is  used,  on  account  of  its  high  refractory  power,  in 
the  construction  of  crucibles.     Calcium  hydrate,  Ca{0//)„ 
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or  slaked  lime,  is  used  in  the  manufacture  of  cement  and 
for  building  purposes.  Calcium  carlnmate,  CaCO,,  consti- 
tutes limestone  and  marble.  It  is  insoluble  in  pure  water, 
but  water  charged  with  carbon  dioxide  has  a  solvent  action, 
the  carbonic  acid  converting  the  calcium  carbonate  into 
calcium  bicarbonate.  Gi(//f"0,),.  Calcium  sulphate,  CaSO, 
-\-2//,0,  is  soluble  in  -400  parts  of  water  and  loses  part  of 
its  water  on  being  heated  to  120°  C;  the  product,  2C(t.S"0» 
+  //,<9,  is  called  burnt  gypsum  or  plaster  of  Paris.  If  this 
is  mi.Ked  into  a  paste  with  water,  it  develops  heat  and  quickly 
hardens.  If  gypsum  is  heated  to  160°  C,  it  loses  all  its 
water  and  no  longer  combines  with  water,  being  then  called 
dead  burnt  plaster. 


MAtiNKSlUM 

Symbol    Mg.    Atamic    weight    24,     Vaience    II.     Sp€ciiic 
gravity  1.75. 

66.      Oocnri-once       anrt       Properties.— Mngmeslum 

occurs  as  magnesium  carbonate   in   magnetite  and,   mixed 
with    calcium    carbonate,    in    many    impure    limestones;    it 
occurs  also  as  a  silicate  in  asbestos,  talc,  and  meerschaum. 
The  metal  itself  is.white;  it  does  not  tarnish  in  dry  air,  but 
oxidizes  readily  in  moist  air.     It  bums  with  a  dazzling  wbilCT^ 
light,  and   on  this  account  is  of  great  value  in   flash-Ugb't 
photography.     Like  calcium  carbonate,  magnesium  carbon- 
ate is  insoluble  in  pure  water,  but  is  soluble  in  water  chargeci 
with  carbon  dioxide.     Magnesium  sulphate  is  readily  soluble 
in  water.     All  iioluble  magnesium  salts  have  a  bitter  taste. 


ALUM  IN  DM 

Symbol  Al.  Atomic  vfeighi  27.  Valence  III.  Specific 
gravity  2.583, 

67.  Occiirpencp. — Next  to  nxygen  and  silicon,  alumi- 
num is  the  most  abundant  element  in  nature.  It  never 
occurs  in  the  free  sfale,  but   exists  ;is  the  oxide  Ai,Ot  in 
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1,  clay,  feldspar,  and  many  other 
ilicate. 


corundum  and  emery.     Mica,  cjay, 
minerals  contain  aluminum  silicate. 

68.  Properties. — Aluminum  is  a  silvery  white  metal 
and  is  the  lightest  of  the  common  metals;  it  is  ductile  and 
malleable,  and  fuses  at  about  6.57*^  C.  It  is  permanent  in  the 
air»  since  it  soon  becomes  coated  with  a  thin  layer  of  oxide 
which  protects  the  metal  from  further  attack.  It  is  little 
affected  by  dilute  nitric  or  sulphuric  acids;  but  dilute  hydro- 
chloric acid  dissolves  it  readily.  It  is  also  readily  dis- 
solved by  stronff  alkalies,  such  as  sodium  hydrate. 

Aluminum  is  a  powerful  reducing  agent,  reducing  many 
oxides  with  a  vigorous  evolution  of  heat.  It  enters  into 
some  important  alloys;  for  example,  aluminum  bronze, 
which  is  an  alloy  of  copper  and  aluminum  and  is  character- 
ized by  being  very  hard  and  of  a  golden  color.  Mngmilium 
is  an  alloy  with  magnesium,  and  po.ssesses  properties  simi- 
lar to  brass. 

Atuminum  hydrate,  AliOH),,  is  a  white,  jelly-like  mass, 
formed  by  adding  ammonium  hydrate  to  a  solution  of  an 
aluminum  salt. 

Aluminum  liydrate  and  sulphuric  acid  yield  atuminum 
sulphate,  A/^iSO,),.  It  forms  a  characteristic  class  of  double 
sulphates  called  altiinH,  the  general  formula  of  which  is 
X^O,.AUSOJ„24N,0,  .Y  being  generally  A- or  (A'//.). 


IRON 

Symboi  Fe.    Atomic  xveight  56.     VaUnce  11,  ///,  IV,  and  VI. 
'Specific  gravity  7.8. 

69.     Occurrence. — Iron  is  the  most  important  and  one 
of  the  most  abundant  of  metals.     It  is  doubtful  whether  it 
occurs  in  the  metallic  state  on  the  earth's  surface,  the  native 
iron   so  found  probably  being  almost  entirely  of  meteoric 
origin.     In  combination,  it  is  found  in  nearly  all  kinds  of 
TOck»  clay,  etc.,  its  presence  being   generally  indicated  by 
the  color    of   the   rock,   iron  beinsr    the    most    common    of 
natural  mineral  coloring  ingredients.     In  most  rocks,  how- 
ever, the  amount  of   iron  is  very  small,  not  enough  to  be 
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of  any  practical  value.  Iron  ores  are,  however,  rather 
abundant,  the  most  important  being  the  oxides  /r.O,  (hema- 
tite), /r.O.  (magnetite),  hydrated  oxide  2/r.(9,,3//,t) 
(limonite),  and  a  carbonate  FeCO,  (siderite).  A  sulphide  of 
iron,  FeSt  (pyrite),  contains  a  large  percentage  of  iron;  but 
it  is  not  used  as  an  ore  on  account  of  the  injurious  effects  of 
the  sulphur  on  tlie  metal. 

70.  Properties. — Few  metals  have  their  properties 
modified  to  such  an  extent  by  very  small  cjuantities  of 
other  elements  as  iron.  A  ]ar;^u  number  of  widely  different 
khids  of  iron,  such  as  cmi  iron,  xvrou^ht  iron,  and  the  various 
kinds  of  sUcly  are  well  known.  While  the  causes  of  the  wide 
variation  in  properties  are  not  thoroughly  understood,  in  the 
main  these  variations  are  due  to  the  presence  in  the  metal  of 
varying  quantities  of  other  elements,  the  most  important 
being  carbon  and  silicon,  though  sulphur,  phosphorus,  man- 
ganese^  tungsten,  molybdenum,  etc.,  are  important,  as  well 
as  some  rarer  elements  not  so  universally  present  in  com- 
mercial grades  of  iron  or  steel.  The  different  varieties  of 
commercial  iron  may  be  divided  into  three  classes — wrought 
iron,  cast  iron,  and  stec!.  The  first  is  nearly  pure  iron;  the 
second  contains  generally  from  2  to  (J  per  cent,  of  carbon, 
with  varying  quantities  of  silicon  and  other  elements;  in 
composition,  the  third  lies  between  the  other  two. 

Wrought  iron  has  a  white  brilliant  color;  when  melted  in 
its  pure  state  and  then  cooled,  it  crystallizes  in  cubes;  but 
when  forged  or  rolled  out,  its  fracture  becomes  fibrous 
(depending,  however,  on  the  way  it  is  broken),  and  the  iron 
in  this  state  is  remarkably  tough,  though  comparatively  soft. 
It  melts  at  about  l,t>lK)°  (".,  but  becomes  a  soft,  wax-like 
mass  at  a  considerably  lower  temperature,  and  is  then  capable 
of  being  welded.  Cast  iron  melts  at  about  1,200°  C.,  but 
does  not  soften  before  melting,  Steel  is  more  easily  melted 
than  wrought  iron,  but  not  as  easily  as  cast  iron.  It  can  be 
hardened  and  tempered.  A  solid  mass  of  iron  does  not  tar- 
nish in  dry  nir,  but  if  healed  it  oxidixes  readily,  with  the  pro- 
duction of  black  scales  of  oxide,  FeiO^\  and  when  more  strongly 
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heated,  or  when  heated  in  pure  oxygen,  it  burns,  with  the 
formation  of  the  same  scales.  In  pure  water,  iron  does  not 
lose  its  briliiaucy,  but  if  a  trace  of  carbonic  acid  is  present 
and  air  is  permitted  to  reach  it,  the  iron  begins  at  once  to 
oxidise  or  rust  on  its  surface,  forming  a  hydrated  ferric 
oxide,  F€^Oi,XH,0.  Iron  decomposes  steam  at  a  red  heat, 
liberating  hydrogen  and  forming  the  same  black  oxide  pro- 
duced by  its  combustion  in  oxygen. 

Among  the  important  compounds  of  iron  may  be  men- 
tioned ferric  oxide,  Fe,Ot,  which  is  not  only  an  important 
ore  of  iron*  but  is  also  of  considerable  importance  as  a 
mineral  paint.  

MICKBL 

Symbol  A'i.  Atotnie  weight  5&.5.  Vaienci  If  and  IV, 
Specific  gravity  8.H. 

Tl.  OccHPTcnco  and  Proiwrtles. — Nickel  does  not 
occur  free  in  nature,  except  in  small  quantities  in  some 
meteorites,  which  are  alloys  of  iron  and  nickel.  Native 
compounds  of  nickel  are  also  not  very  abundant.  Among 
the  important  minerals  containing  nickel  are  garnitrite^  a 
complex  silicate  of  nickel  and  magnesium,  and  niccotiie  (cop- 
per nickel,  or  kupfemickel)^  NiAs. 

Nickel  is  almost  as  white  as  silver,  is  very  tough,  and  has 
a  high  metallic  luster.  It  dissolves  sparingly  in  hydrochloric 
and  sulphuric  acids,  but  freely  in  nitric  acid.  It  is  perma- 
nent in  the  air,  though  slight  tarnishing  takes  place.  It  is 
employed  in  nickel-plating  metallic  objects,  and  is  a  con- 
stituent of  several  alloys. 

German  i^/Virr -contains  about  50  per  cent,  copper,  25  per 
cent,  zinc,  and  25  per  cent,  nickel.  Nickel  coins  contain 
75  per  cent,  copper  and  25  percent,  nickel.  A  small  amount 
of  nickel  added  to  steel  greatly  increases  its  toughness,  and 
much  nickel  is  used  for  this  purpose,  especially  in  the  manu- 
facture of  armor  plate. 


Symbol  Afn.     Atomic  weight  55.     Valence  //,  ///,  Il\  I'/, 
Specific  gravity  7.5. 

72.  Occiirrt'uce    ami     Properties.  —  HnngmiioBe    is 

found  chiefly  &s  pyrolusite^  AtnOty  brauntte,  Afn,0,,  and  rhodch 
cktosite,  A/tiCO,.  Manganese  sulphide,  arsenide,  and  silicate 
are  also  known  as  minerals.  The  metal  itself  has  not  been 
applied  to  any  very  useful  purpose  in  the  arts*  but  forms 
some  useful  alloys. 

Manganese  is  best  prepared  by  reducing  AfnO,  by  means 
of  aluminum  powder.  It  is  a  grayish-white,  hard,  brittle 
metal.  It  is  feebly  magnetic,  difficult  to  fuse  (1,900°  C.  ). 
and  oxitlizes  readily  in  the  air.  It  dissolves  easily  in 
dilute  hydrochloric  and  sulphuric  acids,  A/»  displacing  //,. 
It  resembles  iron  in  its  tendency  to  combine  with  carbon 
at  a  high  temperature  to  form  a  compotmd  corresponding 
with  cast  iron;  in  this  form  the  manganese  is  not  oxidized 
by  air. 

Spicgeleisen  and  ferrcmmnganese  are  alloys  containing  iron, 
manganese,  and  carbon,  and  are  largely  used  in  the  produc- 
tion of  steel. 

73.  Muiturnnem'  dioxide,  or  iwroxlde,  AfnO,,  is  the 
chief  compound  in  which  manganese  is  found  in  nature;  it  is 
also  the  source  from  which  practically  all  manganese  com- 
pounds are  obtained.  Us  chief  mineral  form  is  pyrolu- 
site,  which  forms  steel-gray  prismatic  crystals  of  specific 
gravity  4.9;  but  it  is  also  found  amorphous,  as  Psilomelancy 
and  in  the  hydratcd  state  as  wad.  In  commerce,  pyrolusite 
is  known  as  black  manganese  and  is  largely  imported,  as 
well  as  mined,  in  the  United  States  of  America,  for  the  use 
of  the  steehnaker,  the  manufacturer  of  bleaching  powder, 
and  the  glassmaker.  It  is  also  used  as  a  source  of  oxygen, 
which  it  evolves  when  heated  to  redness  without  fusing, 
leaving  the  red  oxiik  of  manganese,  AfnJ'>,.  Mangfanese 
dioxide  is  an  indifferent  nxide  and  docs  not  readily  combine 
with  acids.     Cold  HCl,  however,  dissolves  it,  giving  a  brown 
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solution  from  which  water  precipitates  a  brown  oxychloridc. 
If  the  brown  solution,  which  probably  contains  yJ/«C/„  be 
heated,  it  evolves  chlorine,  and  becomes  pink  MnCl,.  Nitric 
acid  is  almost  without  action  on  AfnO,.  Strong' sulphuric 
acid  evoK'es  oxygen  from  it: 

jVmO.  +  H^O,  =  AfnSO,  +  //.O  +  O 

Even  dilute  sulphuric  acid  produces  the  same  chang:e  if 
some  substance  ready  to  combine  with  oxygen  is  added,  as, 
for  instance,  ferrous  sulphate  or  oxalic  acid.  Hence,  a  mix- 
ture of  AfnO,  and  //,SO,  is  frequently  used  as  an  oxidizing 
agent. 

When  heated  in  hydrogen,  the  oxides  of  manganese  are 
not  reduced  to  the  metals,  like  those  of  iron,  but  are  con- 
verted into  A/hO.  Afanganous  oxide^  MnO,  is  a  greenish 
powder,  but  it  may  also  be  obtained  in  transparent,  emer- 
ald-green crystals.  It  easily  absorbs  oxygen  from  the  air. 
It  is  a  basic  oxide,  dissolving  in  acids  to  form  the  man- 
ganons  salts,  and  has  been  found  in  nature  in  mauganif- 
erous  dolomite. 

CBKOMIUM 

Symbol  Cr.  Atomic  weight  52.  Vaiencr  11^  I//,  and  VI. 
Specific  gravity  6.S. 

74.  Occtirrenoo  and  Pro|>ertle8. — Chi*omIuin  does 
not  occur  native,  but  is  found  largely  as  chrome  iron  ore, 
having  the  formula  /r(CWJ,)„  and  occasionally  as  lead  chro- 
matc,  PbCrO^,  in  the  mineral  crocoisite.  Chromiutn  is  a 
light-gray,  or  tin-while,  lustrous,  crystalline  substance.  It  is 
very  hard  and  difJicuU  to  fuse,  and  oxidizes  very  slowly 
when  heated  in  the  air,  but  heated  in  oxygen,  or  in  the 
oxyhydrogen  flame,  it  burns  to  chromic  oxide.  Cr.O,.  It  is 
insoluable  in  nitric  acid,  but  dissolves  in  hydrochloric  and 
hot  sulphuric  acids.  Bivalent  chromium  forms  ciiromous 
compounds,  trivalent  chromium  forms  the  chiomic  com- 
pounds, hexavalent  chromium  forms  chromium  trioxide  and 
the  chromates.  Alloys  of  chromium  with  iron  are  used  as 
chrome  steeL 
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MOLTBUENUM 

Symbol  Mo.  Atomic  it'eighf  96.  Valence  //,  ///.  /K,  V, 
and   I'/  (f).     Spedfic  graviiy  9. 

75.  Occurrence  »n<l  Propertlci*. — Molj-bdonuin 

occurs  principally  as  sulphide,  or  motybdcnitCy  and  as  lead 
molybdatc,  or  ivulfenite.  It  is  prepared  by  reducing  the 
oxides  or  chlorides  of  molybdenum  by  a  current  of  hydrogen 
at  a  high  temperature.  It  is  a  white,  very  hard,  brittle  metal, 
and  is  almost  infusible.  It  oxidizes,  when  healed  in  the  air, 
to  molybdenum  trioxide.  It  forms  four  oxides:  AfoO,  Afo^O^^ 
AIoO,,  and  Mo(\. 

TtJNGSTKN 

Symbol  W,  Aiomk  weight  1H4.  Valertce  II,  IV,  K  and 
VI  (f).      Specific  graviiy  16.6. 

76.  Occitrmicc  nii<l  Prepnrntlon. — TiinflrstPii  occurs 
in  nature  in  a  number  of  minerals.  Its  symbol.  lV,As 
derived  from  Ihc  mineral  wolhamtie,  which  is  tungstate  of 
iron  and  manganese,  and  from  which  it  was  first  obtained; 
it  occurs  in  schediU,  which  is  calcium  tungstate;  in  siolzite^ 
which  is  lead  tungstate;  etc.  Metallic  tungsten  is  obtained 
by  reducine  tungsten  trioxide,  WO^,  with  hydrogen  or 
aluminum  powder  as  an  iron-gray  metal  of  specific  grav- 
ity 16. fi  to  19.129.  It  is  extremely  hard,  very  infusible,  and 
unaffected  by  either  hydrochloric  or  sulphuric  acid,  though 
it  is  converted  into  tungstic  acid  by  the  action  of  nitric  acid. 
When  dissolved  in  about  10  times  its  own  weight  of  fused 
steel,  tungsten  forms  an  extremely  hard  alloy,  known  as 
tungsten  siccl,  that  is  used  for  lathe,  planer,  and  other  machine- 
shop  tools.  One  of  the  most  peculiar  properties  of  tungsten 
is  its  ability  to  increase  the  magnetic  power  of  the  steel  with 
which  it  is  alloyed.  A  horseshoe  magnet  of  ordinary  steel, 
weighing  2  pounds,  for  instance,  is  generally  considered  of 
very  good  quality  if  it  lifts  T  times  its  own  weight,  but  a 
similar  magnet  made  of  an  alloy  of  steel  and  tungsten  is 
able  to  lift  nearly  20  times  its  own  weight. 
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VANADIUM 

Symbol  V.     Atomic  weight  51.     Valetue  III  and  V,     Spe- 
cific gravity  5.6. 

77,    Occurrence  ami  Prei>ui*ut  ion. — Vanadium  occurs 

in  nature  in  the  form  of  vanadates,  which  are  analogous  to 
phosphates.  It  has  been  found  in  clay,  coal,  and  some  rare 
minerals.  The  method  employed  to  obtain  it  depends  on 
the  composition  of  the  compound  treated.  By  treating  lead 
vanadate  with  nitric  acid,  evaporating  to  expel  the  excess  of 
acid,  and  dissolving  out  the  lead  nitrate  with  water,  l\(\ 
remains.  This  may  be  purified  by  dissolving  in  ammonia, 
crystalliKing  the  ammonium  nietavanadate  formed,  and  decom- 
posing this  by  heat,  when  vanadium  pentoxide  l\0,,  is  left 
as  a  reddish-yellow  solid.  This  is  sparingly  soluble  in  water, 
but  dissolves  readily  in  hydrochloric  acid.  Hy  heating  the 
chloride  in  hydrogen,  vanadium  is  obtained  as  a  silver-white 
element  with  metallic  luster,  having  a  specific  gravity  of  6.5. 
It  is  not  oxidized  by  the  air  at  ordinary  temperature,  but 
bums  when  strongly  heated  in  air.  It  is  practically  insoluble 
in  hydrochloric  acid,  but  is  dissolved  by  nitric  add. 


COPPER 


Symtfo/  C».  Atomic  weight  C.3.  Valence  II.  Specific 
gravity  a.ii. 

78.  Occurrence  and  Properties. — Copper  has  been 
used  by  man  from  the  earliest  times.  It  is  sometimes  found 
native,  immense  masses  of  the  metal  being  found  in  the 
region  around  Lake  Superior.  Copper  also  occurs  rather 
abtmdantly  as  carbonate  and  oxide;  but  its  most  important 
source  is  the  sulphide,  being  in  this  form  usually  associated 
with  sulphides  of  iron  and  other  metals. 

Copper  is  a  lustrous  metal,  flesh  red  in  color,  and  some- 
what softer  than  iron.  WTien  rubbed,  it  exhales  a  peculiar 
odor.  It  is  one  of  the  best  conductors  of  both  heat  and 
electricity,  is  malleable,  ductile,  and  possesses  considerable 
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tenacity.  It  melts  at  1,065°  C,  and  is  slightly  volatile 
at  a  white  heat.  Tn  dry  air,  at  ordinary  temperatures,  it 
is  unaltered;  but  in  the  presence  of  moisture  and  carbon 
dioxide,  it  becomes  covered  with  a  green  layer  of  basic  car- 
bonate of  copper  called  verdigris.  Heated  to  redness  in  the 
air,  scales  of  oxide  form  on  its  surface.  It  dissolves  readily 
in  nitric  acid.  Weak  acids,  alkalies,  and  salt  solutions  act 
on  it  slowly;  hence,  as  all  its  salts  are  poisonous,  copper 
vessels  should  not  be  used  in  cooking. 

Copper  is  an  exceedingly  useful  metal.  In  the  pure  state, 
it  is  very  largely  used  as  a  conductor  of  the  electric  current. 
Many  of  the  most  useful  alloys  contain  copper,  brass  being 
an  alloy  of  copper  and  zinc,  and  bronze  an  alloy  of  copper 
and  tin.  

MERCURY 

Symbol  Hg,  Atomic  7t>€ight  'JOO.  Vaience  land  f I.  Specific 
gravity  J3.5. 

70.  Oocnrrenee. — Mercury  has  been  known  from  the 
earliest  limes;  its  Latin  name  arxetitwn  vivum^  of  which  the 
English  name  qnicksHver  is  a  literal  translation,  refers  to  its 
fluidity  as  well  as  to  its  color.  The  name  mercury,  from 
the  planet  of  that  name,  was  given  by  the  alchemist  to  all 
volatile  substances,  but  only  this  one  has  retained  it.  The 
symbol  of  mercury.  Hg.  is  derived  from  the  Latin  name 
hydrafgyrum.  It  occurs  native  only  sparingly,  the  chief  ore 
being  the  sulphide,  called  cinnabar^  which  is  found  principally 
in  Idria,  Austria;  Almaden,  Spain;  and  New  Almaden, 
California. 

80,  I*roiH»rttes. — Mercury  is  a  brilliant,  silver-white 
metal.  It  has  a  specific  gravity  of  1R.59  at  0°  C.  and  is  the 
only  metal  thai  is  liquid  at  the  ordinary  lemperaiures. 
Cooled  to  —  .^i).r>^  C.  it  solidifies  to  a  nialleabl:;.  tin-white 
mass,  can  easily  be  cut,  and  crystallizes  in  regular  octahedrons. 
Even  at  nnlinary  temperatures  mercury  has  a  small  vapor 
tension,  and  gives  n(T  minute  quautilics  t)f  its  vap{)r  into  the 
atmosphere  In  contact  with  it.      It  boils  at   about  367**  C, 
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eldine  a  colorless  vapor  of  specific  gravity  6.976.  When 
ated  almost  to  its  hoilin£r  point  in  air^  it  becomes  coated 
with  the  red  oxide  HgO.  It  is  unaltered  in  air;  neither 
hydrochloric  nor  dilute  sulphuric  acid  attacks  it,  but  strong, 
fciling  sulphuric  acid,  and  even  dilute  nitric  acid,  dissolve 
n  readily.     Chlorine  and  sulphur  unite  directly  \vith  it. 

Mercury  is  used  in  the  arts  for  filling  thermometers  and 
urometers,  and  very  extensively  for  extracting  gold  and 
silver  from  their  ores.  With  most  of  the  metals  it  forms 
alloys,  known  as  amalgams;  in  some  cases  these  amalgams 
Bfisess  a  definite  composition  and  crystalline  form,  for 
example,  Hg,Na,  which  is  brittle  and  crystallizes  in  regular 
forms.     Sodium  amalgam  is  a  convenient    reducing  agent, 

twhen  brought  into  contact  with  water  or  with  solutions 
water,  hydrogen  is  evolved.     Tin  amalgam  is  sometimes 
used  for  producing  the  silver  coating  on  glass  for  mirrors. 

Mercury  forms  two  series  of  compounds,  the  mercurous, 
in  which  this  metal  is  univalent,  and  the  mercuric,  in  which 
U  is  bivalent. 


ZINC 

Atomic  weight  6S, 


Valence  //.     Specific  graV' 


Symbol  Zn. 
ity  7. 

^81a  Occurrence  and  ProiwrtleH. — Zinc  is  not  found 
Ktive.  The  chief  ore  is  the  sulphide,  /TwS,  though  con- 
Hlcrable  carbonate,  oxide,  and  silicate  is  mined  and 
Educed. 

Zinc  is  a  bluish-white  metal  of  crystalline  structure.  It 
Bl  hard  and  brittle  at  ordinary  temperatures,  but  between 
^00°  C.  and  l.W**  C.  it  becomes  malleable  and  ductile,  and 
_niay  be  rolled  into  sheets,  which  preserve  to  some  extent 
eir  malleability  on  cooling.  At  200°  C,  it  is  again  hard 
brittle.  At  419'^  C,  it  melts;  and  at  1.040*^  C.  it  boils, 
if  air  is  present,  takes  fire  and  burns  with  a  luminous. 
eenish  flame,  forming  zinc  oxide.  It  oxidizes  readily 
ben  exposed  to  moist  air,  and  is  easily  attacked  by  acids, 
^inc  is  not  only  used  as  sheet  zinc,  but  is  used  in  some 
|loys,  as,  for  example,  brass.     It  is  extensively  used  also  in 
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making:  the  so-called  galvamztd  iron,  which  is  iron  covered 
with  a  coatinc  of  zinc  by  being  dipped  in  melted  zinc. 
Ziuc  oxide.  ZnO,  is  used  as  a  white  paint,  and  sine  chloride, 
ZnCU,  is  used  as  a  soldering  Hux, 


LEAH 

weight    207. 


I'aUnrr   II  and 


Symbof   Pb,     Atomic 
Specific  gravity  11.36. 

8&t     Occurrence  aud  Properties- — X.ead  was  one  of 

the  metals  known  to  the  ancients.  It  does  not  occur  native. 
The  principal  ore  is  the  sulphide  or  galena,  PbS\  it  also 
occurs  as  carbonate,  as  sulphate,  and  in  other  compounds. 

I^ad  is  a  soft,  bluish-white,  brilliant  metal;  it  is  malleable 
and  ductile,  but  possesses  little  tenacity.  It  melts  at  335°  C. 
and  is  slightly  volatile  at  higher  temperatures.  A  freshly-cut 
surface  of  lead  tarnishes  in  ordinary  air,  but  remains  bright 
in  i>erfectly  dry  air,  and  also  in  water  entirely  free  from  air. 
When  melted  in  the  air,  it  rapidly  absorbs  oxygen  and 
becomes  covered  with  a  film  of  oxide,  which,  by  the  con- 
tinuous action  of  heat  and  air,  is  transformed  into  a  yellow 
powder,  known  as  litharge  or  tnassicot.  Ordinary  water,  in 
general,  acts  on  lead,  dissolving  it  and  partly  precipitating 
it  as  carbonate;  some  of  the  lead,  however,  remains  in 
solution.  This  action  is  particularly  noticeable  in  well  water 
that  contains  nitrates  or  chlorides.  Lead  water  pipes 
should  tlierefore  be  used  with  great  caution.  Lead  is  only 
slightly  attacked  by  sulphuric  or  hydrochloric  acids  at 
ordinary  temperatures,  but  is  readily  attacked  by  nitric  acid. 
In  the  presence  of  air  and  moisture,  it  is  acted  on  by  very 
feeble  acids,  such  as  acetic  and  carbonic  acids. 

Lead,  when  taken  into  the  system,  unites  with  certain 
tissues  and  is  retained  there,  until  tinally  sufhcient  of  the 
metal  accumulates  to  produce  poisoning,  of  which  acute  colic 
and  paralysis  of  the  muscles  (especially  of  the  arms)  ore 
characteristics.  Lead  forms  several  oxides,  one  of  which, 
red  lead,  Pb,0„  is  used  as  a  paint.  A  basic  carbonate  of 
lead  constitutes  wkite  lead,  an  exceedingly  useful  paint. 
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Tin 

Symbol  Sn.   Atomic  wei^^ht  119.    Valence  II and  IV.   Specific 
gravity  7.  5. 

83.    Occurrence  and  Properties, — Metallic    tin    is 

not  found  in  nature.  Tin  ore  occurs  in  only  a  few  localities. 
The  most  important  ore  is  the  oxide  SnO,.  Tin  is  a  white 
metal,  resembling  silver;  it  is  soft,  malleable,  and  ductile, 
but  possesses  little  tenacity.  It  crackles  when  a  bar  is  bent, 
producing  what  is  known  as  the  <ry  of  tin.  It  is  easily 
fusible,  melting  at  about  2H0°  C.  Tin  does  not  lose  its 
luster  on  being  exposed  to  air  at  ordinary  temperature;  but 
if  strongly  heated  it  takes  fire,  forming  a  white  powder  of 
stannic  oxide,  ShO,.  It  is  attacked  by  acids.  Tin  is 
extensively  used  for  plating  iron.  What  is  commonly  known 
as  tin  is  really  sheet  iron  plated  with  that  metal.  It  is  a 
constituent  of  some  important  alloys,  bronze  being  an  alloy 
of  tin  and  copper,  and  ordinary  solder  being  an  alloy  of  tin 
and  lead. 


ANT  I  MONT 

Symbol  Sb.   Atomic  weight  120.    Valence  III  c^nd  V,   Specific 
S'ftvity  a, 7. 

84.  Occurrence  and  Properties. — Antimony  occurs 
Dative,  but  more  commonly  |as  the  sulphide  Sb^Sf  ft  is  a 
bluish-white,  brittle  body.  It  melts  at  450"  C,  and  at  a  white 
heat  may  be  distilled.  The  brittleness  of  antimony  renders 
it  tiseless  in  its  natural  state;  but  it  is  a  constitutent  of  a 
^lumber  of  useful  alloys.  Type  metal  is  an  alloy  of  lead 
^nd  antimony.  Many  alloys  used  fur  bearings  in  machinery 
Contain  antimony.  

BISMUTn 

Symbol  Bi.   Atomic  weight  208.    Valence  III  and  V.   Specific 
Suavity  ^.S. 

85.  Occurrence  and  Tropertlee. — Blsinnth  is  found 
in  the  metallic  state  and  also  as  oxide,  sulphide,  carbonate* 
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etc.  The  metallic  bismuth  of  commerce  is  seldom  pure,  but 
mostly  contains  arsenic,  iron,  and  traces  of  other  metals. 
Bismuth  is  a  hard  brittle  metal.  It  is  white,  but  has  a  slight 
reddish  tinge.  It  melts  at  264°  C,  and  on  solidifying:  expands 
about  one  thirty-second  of  its  bulk.  It  remains  unaltered  in 
dry  air,  but  tarnishes  in  moist  air.  At  a  red  heat,  it  bums 
with  a  bluish-white  flame,  forming  bismuth  oxide.  Bismuth 
is  not  used  alone,  but  is  a  constitutent  of  some  very  easily 
fused  alloys  and  of  some  bearing  alloys. 


HEAT 

(PART  1) 


MANIFESTATIONS   AND    MEASUREMENT 
OF  HEAT 

1.  The  Nature  of  Heat. — The  sensations  of  warmth 
and  cold  are  familiar  to  every  one.  If  the  hand  is  placed  in 
water,  a  sensation  is  produced;  and,  according  to  the  sensa- 
tion, the  water  is  pronounced  cold,  lukewarm,  or  hot.  It  is 
customary  to  ascribe  the  cause  of  the  differences  between 
these  states  of  the  water  to  something  called  lieat;  thus, 
when  the  water  gives  the  sensation  of  warmth,  it  is  said  to 
have  been  heated,  or  to  havq  had  heat  added  to  it;  when  it 
gives  the  opposite  sensation,  it  is  said  to  have  been  cooled, 
or  to  have  had  heat  abstracted  from  it. 

Regarding  the  nature  of  heat,  there  have  been  two  theories. 
The  older  theory,  now  discarded,  assumed  that  it  was  a  sub- 
stance, a  sort  of  fluid  without  weight,  which  filled  the  spaces 
between  the  particles  of  a  body,  and  that  a  body  was  hotter 
or  colder  according  as  it  had  more  or  less  of  the  fluid  stored 
in  it. 

The  modem  theory  is  that  heat  is  a  result  of  the  rapid 
vibration  of  the  molecules  of  a  body.  The  application  of 
heat  to  a  body  causes  a  more  rapid  vibration,  while  the  with- 
drawal of  heat  causes  a  less  rapid  vibration;  and  it  is  to  the 
fate  of  vibration  that  the  sensation  of  hotness  or  coldness  is 
due.  As  will  be  shown  later,  heat  is  a  form  of  energy.  For 
the  present,  it  is  sufficient  to  consider  heat  merely  as  some- 
thing that  can  be  recognized  and  measured. 
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2.  Sensible  Heat. — The  heat  that  manifests  itself  to 
the  senses  is  called  sensible  beat,  because  any  change 
from  a  given  state  to  a  hotter  or  colder  state  is  indicated  at 
once  by  the  sense  of  feeling  or  by  the  aid  of  an  instrument 
called  a  tliornioinoter.  The  more  sensible  heat  a  body 
possesses,  the  hotter  it  is;  the  more  sensible  heat  that  is 
taken  away  from  it,  the  colder  it  is. 

8.  Temperature. — The  term  temperature  is  used  to 
indicate  how  hot  or  cold  a  body  is.  When  heat  Is  added  to 
a  body  and  it  becomes  hotter,  its  temperature  is  said  to  rise; 
when  it  cools,  its  temperature  is  said  to  fall.  According  to 
the  modem  theory,  the  temperature  of  a  body  is  a  measure 
of  the  speed  with  which  the  molecules  composing  It  are 
vibrating.  A  rise  in  temperature  indicates  an  increase  of 
molecular  speed,  and  a  fall  in  temperature  indicates  a 
decrease  of  molecular  speed. 


MKA8nRT:MENT  OF  TEMPERATt'IlK 

4.  Thermoraetors, — Owing  to  the  imperfection  of  the 
senses,  it  is  impossible  to  determine  by  their  aid,  with  any 
degree  of  accuracy,  the  temperatures  of  different  bodies; 
hence,  for  this  purpose,  the  thermometer  is  used.  In  these 
instruments  the  effects  of  heat  on  bodies  are  made  use  of 
in  obtaining  the  temperature,  the  most  common  method 
being  to  utilize  the  expansive  effect  of  heat  on  liquids. 
Liquids  are  used  for  ordinary  purposes  instead  of  solids 
or  gases,  because  in  the  first  the  expansion  is  too  small, 
and  in  the  second  it  is  too  great.  Mercury  and  alcohol  are 
the  only  liquids  used — the  former  because  it  boils  only  at  a 
very  high  temperature,  and  the  latter  because  it  does  not 
solidify  at  ordinary  temperatures. 

5.  Mercury    Thermometers. — Ir»   Fig.    1   is  shown 
mercurial  thermometer  with  two  sets  of  graduations  on  it,-  :3 
The  one  on  the  left,  marked  F,  is  the  Faliri^'iihoU  Kriidun—  ^ 
tiou,  named  after  its  orignator,  and  is  the  one  common!]^ 
used  in  the  United  Slates  and  England;  the  one  on  the  right 
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marked  C,  is  the  centlRrtwlc  sraduatton,  generally  used 
by  scientists  throughout  the  world  because  its  graduations 
are  better  adapted  for  cakulaiions.  As  will  be  seen,  the 
instrument  consists  of  a  closed  glass  tube  terminating  in  a 
bulb  at  the  lower  end.  Before  closing  the  upper  end,  the 
tube  is  partially  tiUed  with  mercury,  and  the  air  above  it  is 
driven  out  by  healing  the  mercury  to  near  its  boil- 
ing point.  When  the  lube  above  the  mercury  is 
filled  with  mercurial  vapor,  it  is  sealed;  on  cool- 
ing, the  vapor  condenses  and  a  vacuum  results. 
The  expansion  or  contraction  of  the  mercury  on 
the  application  or  withdrawal  of  heal  from  the 
body  Willi  which  the  bulb  is  in  contact  causes  the 
highest  point  of  the  mercury  column  to  rise  and 
fall,  and  since  for  equal  changes  of  temperature 
the  mercury  rises  or  falls  equal  distances,  this 
instrument,  when  properly  made  and  graduated, 
indicates  any  change  in  temperature  with  great 
accuracy. 

6.     Graduation  of  Thermometers, — The 

inside  diameter  of  a  good  thermometer  tube  should 
be  the  same  throughout  its  length.     The  gradua- 
tion of  the  thermometer  is  accomplished  as  follows: 
h  is  first  placed  in  melting  ice  and  the  point  to 
Which  the  mercury  column  falls  is  marked  frecz- 
'upr-      It  is  then  placed  in  the  sleam  rising  from 
^Vater  boiling  in  an  open  vessel,  and  the  point  to 
Which  the  mercury  column  rises  is  marked  boiling:. 
There  are  now  two  fixed  points — the    freezing 
^^oint  and   the  boiling  point.     If   It  is  desired  to 
»Tiake    a    Fahrenheit    thermometer,    the    distance 
V>etween   these   two   fixed   points   is  divided   into  ISO  equal 
Xiirts,  called  degrees.     The   freezing   point  is  marked  82°, 
and  the  boiling  point  212°.     Thirty-two  parts  are  marked  of! 
■from   the    freezing  point    downwards,   and   the   last    one   is 
marked  0°,  or  zero.     The  graduations  are  carried  above  the 
boiling  point  and  below  the  zero  point  as  far  as  desired. 


H 


Pto.  1 


HEAT 


This  thermometer  was  invented  in  1714,  and  was  the  first  taj 
come  into  general  use. 

7.  In  gnuluating  a  centigrade  thermometer,  the  freezing 
point  is  marked  0"^,  or  zero,  and  the  boiling  point  100^;  the 
distance  between  the  freezing  and  boiling  points  is  divided 
into  100  equal  parts;  these  equal  divisions  are  carried  as  far 
below  the  freezing  point  and  above  the  boiling  point  as 
desired.  The  reason  that  Fahrenheit  placed  the  zero  point 
on  his  thermometer  32°  below  freezing  was  because  that 
temperature  was  the  lowest  he  could  obtain,  and  he  sup- 
posed that  it  was  impossible  to  obtain  a  lower  one.  Where 
there  can  be  any  doubt  as  to  the  thermometer  used,  the 
first  letter  of  the  name  is  placed  after  the  degree  of  tem- 
perature. For  example,  1H3°  F.  means  183°  above  zero  on 
the  Fahrenheit  instrument;  183°  C.  means  183°  above  zero 
on  the  ccntigTade  instrument.  J 

8,  In  Russia  and  a  few  other  countries,  another  instru- 
ment is  used,  called  the  Il^utiiiiiir  ttiernionieter;  the  frees- 
ing  point  is  marked  0°,  or  zero,  and  the  boiling  point  80°, 
the  space  between  these  two  points  l>eing  divided  into 
80  equal  parts;  18.'{°  R.  would  mean  183°  on  the  Reaumur 
thermometer. 
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9.  Of  these  three  thermometers,  the  centigrade  is  used 
the  most;  but,  since  the  Fahrenheit  instrument  is  the  one  in 
general  use  in  the  United  States,  all  temperatures  given  here 
will  be  understood  to  be  in  Fahrenheit  degrees,  unless  other* 
wise  staled.  In  order  to  distinguish  the  temperatures  belov 
the  zero  point  from  those  above,  the  sign  of  subtraction  is 
placed  before  the  figures  indicating  the  number  of  degrees  fl 
below  zero.  Thus,  —18°  C.  means  a  temperature  of  18" 
below  the  zero  point  on  the  centigrade  thermometer; 
—25.4°  F.  means  25.4°  below  zero  on  the  Fahrenheit 
thermometer.  ^ 

10.  Absolute  Temperature. ^ — As  was  stated  in  Paeu' 
mattes,  absolute  zero,  or  — •iOO'^  F.,  is  the  temperature  at 
which  all  vibratory  motion  of  the  molecules  ceases.     It 
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supposed  that,  at  this  tejnperat«re,  and  under  a  heavy  pres- 
sure, so  that  the  molecuLes  would  be  brought  close  enough 
together,  even  hydrogen  would  solidify.  The  absolute  zero 
on  the  centigrade  scale  is  —27iia'*  C. 

The  absolute  tcniperntiire  is  the  temperature  measured 
above  the  point  of  absolute  zero.  Hence,  on  the  Fahrenheit 
scale,  the  absolute  temperature  7"  is  46()°  +  t^  when  /  =  the 
ordinary  temperature,  and  is  above  zero.  If  i°  is  below 
zero,  its  value  is  negative,  and  the  absolute  temperature  T 
is  4fi0°  +  {-  t°)  =  460°  -  /«. 

Throughout  the  following  pages,  where  temperatures  are 
mentioned,  /  will  denote  the  ordinary  temperature  indicated 
by  the  thermometer,  and  7"  the  absolute  temperature. 

ExAMrLG.— What  are  the  absolute  temperatures  correspoodlng  to 
2ir.  32°.  and  -Stt.i'*? 

Solution. — Since  no  scale  is  specified,  the  FabrenUeit  is  the  one 
intended  to  be  ased. 

r  =  MIO"  +  212"'  =  672*.     Ans. 
r  =  401)°  +    3^*"  =  492*.     Ans, 
r  =  AMf  -  :ii).'r  =  420.8".    Ans. 
The   absolute    temperature    on    the    centigrade    scale   is 
T  =  273J°  +  /"  when  /*»  is  above  zero,  or  r  =  273i  -  /" 
when  /°  is  below  zero. 

Example.— Whftt  are  the  absolute  temperatures  correspondlnfc  to 
lOO".  4°,  and  ^40"  C? 

Solution.-  7"  =  273^+ 100*  =  3734"  C.  Ans. 
T  -  2731"  +  4*  =  277i°  C.  Ans. 
T  =  273i°  -    40"*  =  233i°  C.     A/is. 

\  11.  Conversion  of  Ceiitlgrnde  anrt  Fahrenheit, 
Teiiipemtures. — It  is  frequently  necessary  to  change 
from  the  centigrade  scale  to  the  Fahrenheit  scale,  or  the 
reverse.  Since  the  number  of  degrees  between  the  freezing 
point  and  boiling  point  on  the  centigrade  scale  is  100  and 
on  the  Fahrenheit  ISO,  it  is  evident  that  if  /^equals  the  num- 
ber of  degrees  Fahrenheit,  and  C  equals  the  number  of 
degrees  centigrade, 

7^:  C  =  180:  100,  ot  F  =  \UC  =  IC 
And,  C  =  {U  F  =  IF 
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That  is,  the  number  of  Fahrenheit  degrees  above  freezing 
is  I  of  the  number  of  centiarade  deerees  above  the  same 
point.  But  since,  on  the  Fahrenheit  scale,  the  freezingf  point 
is  32"  above  zero,  32  must  be  added  to  the  oumlser  of 
degrees  above  the  freezing  point. 

Let  tt  =  centigrade  temperature; 

and  tt  =  Fahrenheit  temperature. 

Then,  /,  =  g  /.  +  32  (1) 

and  /,  =  £  (//-32)       (2) 

■Formulas  1  and  2  may  be  expressed  as  follows: 

Multiply  the  temperature  centigrade  by  X,  and  add  32°;  the 
result  will  be  the  temperature  Fahrenheit. 

Subtract  32°  from  the  temperature  Fahrenheit^  and  multiply 
by  I;  the  result  will  be  the  temperature  centigrade. 

BxAMPLK  1.— Change:  [a)  100"  C.  [*)  4°  C,  aod  {c)  -¥f  C.  into 
Fubreabeit  temperatures. 

Solution.— 

(a)  //  -  I  /,  +  32  =  I  X  too  +  32  =  212"  F.    Ans. 
{b)     //  =  f  X  4  +  32  •  39.2°  F.    Ans. 

[e)     /,  =  I  X  -40  +  32  =  -40°  F.    Ans. 

Example  2.— Change:  {a)  BO"  F..  (*)  32"  F..  and  (f)  -20"  F.  into 
their  corresponding  centigrade  temperatures. 

Solution.— 

{a)    /,  =  e  (//.-  32)  =  K60  -  32)  =  I.'>|"'  C.    Ans. 

(b)  C,  =  S  (32  -  32)  «  0°  C.    Ans. 

(r)    t,  =  t  (-30  -  32)  ~  -28{"  C.    Ans. 

12.  Alcohol  ThormometerB. — Since  mercury  freezes 
at  —39°  F.,  which  corresponds  to  about  — SO-S**  C,  it  cannot 
be  used  to  obtain  temperatures  below  this  point.  For  this 
purpose  alcohol  is  used  instead  of  mercury.  This  liquid  has 
not  been  frozen  until  very  recently,  and  then  only  at  the 
extremely  low  temperature  of  —202.9°  F.  Since  alcohnl 
vaporiaes  at  173°  V .,  the  boiling  point  of  water  cannot  he 
marked  on  the  alcohol  thermometer  by  heating  it  to  that 
point.  The  freezing  point  is  determined  as  Utv  mercury. 
An  alcohol  and  a  mercurial  [hernionu*tt*r  are  placed  in  a  ves- 
sel containing  hot  water  or  other  lirjuid,  and  the  point  to 
which  the  alcohol  column  rises  is  marked.     Suppose  that  the 
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point  to  which  the  mercury  column  rises  is  marked  132°, 
then  the  distance  on  the  alcohol  thermometer  between  the 
point  marked  and  the  freezing  point  would  be  divided  into 
132  —  32  =  100  equal  parts,  and  each  one  of  these  parts 
would  correspond  to  one  degree  on  the  mercurial  thermom- 
eter. These  equal  divisions  are  then  carried  below  the  zero 
point  as  far  as  desired. 

There  are  many  other  kinds  of  thermometers,  some  of 
which  depend  on  the  expansion  and  contraction  of  different 
metals  and  gases  when  heated  and  cooled.  For  tempera- 
tures above  675*^  F.,  the  point  at  which  mercury  vaporizes, 
other  means  are  employed  to  obtain  the  temperatures. 


EXPANSION  OF  BODIES  BY  HEAT 

13.  The  volume  of  any  body — solid,  liquid,  or  gaseous — 
is  always  changed  if  the  temperature  is  changed,  other  con- 
ditions remaining  the  same;  nearly  all  bodies  expand  when 
heated  and  contract  when  cooled.  In  solids,  expansion 
may  be  considered  in  three  ways,  according  to  the  condi- 
tions: (1)  Expansion  in  one  direction,  as  the  elongation 
of  an  iron  bar;  this  is  called  linear  expauston;  (2)  sur- 
face expauston,  which  refers  to  an  increase  in  area; 
(3)  cubic  expansiou,  which  refers  to  a  general  increase 
in  the  whole  volume. 

14.  In  Fig.  2  is  shown  an  apparatus  for  exhibiting  the 
linear  expansion  of  a  solid  body.  A  metal  rod  a  is  fixed  at 
one  end  by  a  screw  d,  the  other  end  passing  freely  through 
the  eye  c,  held  in  the  post,  and  pressing  against  the  short 
arm  of  the  indicator  /.  The  rod  is  heated  in  the  way  shown, 
and  its  elongation  causes  the  indicator  to  move  along  the 
arc  de. 

An  illustration  of  surface  expansion  is  afforded  in  machine 
shops,  particularly  in  locomotive  shops,  where  piston  rods, 
crankpins,  etc.  are  shrunk  iii  and  tires  are  shrunk  on  their 
centers.  In  shrinking  on  a  tire,  it  is  bored  a  little  smaller 
than  the  wheel  center  and  is  then  heated  until  it  is  expanded 
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enough  to  go  over  the  wheel  center.  It  is  then  cooled  with 
cold  water,  when  it  contracts,  tending  to  regain  its  original 
size,  but  is  prevented  by  the  wheel  center,  which  is  a  trifle 
larger.     The  tire  is  thus  caused  to  bind  around  the  center 

10 


Rio  2 

with  great  force,  and  the  excessive  friction  between  the  tire 
and  the  center  prevents  them  from  separating. 

Cubic  expansion  may  be  illustrated  by  means  of  a  Grave- 
sandrs*  ring.  This  consists  of  a  brass  ball  a,  Fig.  3,  which  at 
onlinary  temperatures  passes  freely  through  the  ring  m,  of 
very  nearly  the  same  diameter.  When  the  ball  is  heated,  it 
expands  so  much  that  it  will  no  longer  pass  through  the  ring. 


The  bars  of  a  furnace  must  not  be  fitted  tightly  at  Ihei 
extremities,  but  must  be  free  at  one  end;  otherwise,  i 
expanding,  they  will  crack  the  masonry.  In  laying  the  rail 
on  railways,  a  hmall  space  is  left  between  the  successiv 
rails;    for,    if    ihey    touched,    the    force    developed    by    ih 


expansion  would  cause  them  to  curve.  Long  straight  lines 
of  steam  pipings  must  be  fittetl  with  expansion  joints.  If  a 
glass  vessel  is  heated  or  cooled  too  rapidly,  it  cracks,  espe- 
cially  if  it  is  thick;  the  reason  for  this  is  that,  since  glass  is  a 
poor  conductor  of  heat,  the  sides  become  unequally  heated 
and,  consequently,  unequally  expanded.  The  expansion  of 
liquids  is  shown  in  the  mercurial  and  alcohol  thermometers; 
the  expansion  of  gases  was  discussed  to  some  extent  in 
Pneumatics. 

15,  Coefficient  of  Expimsion. — Suppose  that  the  tem- 
perature of  the  metal  rod,  shown  in  Fig.  2,  was  .12°  F.  before 
heating,  and  that  the  rod  was  exactly  10  feet  long;  that  after 

TAUI.K   1 
COEKPICIENTst    OF    EXPANSION 


Kome  of  Substance 


Linear 

Expansion 


Surface 
Expansion 


Cnbic 
Expnnsion 


Cast  iron 

Copper   

Brass 

Silver 

Wrought  iron  .  . 
Steel  (untempered) 
Steel  (tempered)  . 

Zinc 

Tin 

Mercury 

Alcohol 

Gases  


.00000617 
.tK)ooo955 
.00001037 
.00001060 
.00000686 
.00000599 
.00000702 
.00001634 
.00001230 

.00003334 
.00019259 


.00001234 
.00001910 
.00002074 
.00002120 
.00001372 
.00001198 
.0000  [404 
.00003268 
.00002460 
.00006668 
.00038518 


.00001850 
.00002864 
.00003 ' ' 2 
.00003 ' ^0 
.00002058 
.0000 1798 
.00002106 
.00004903 
.00003690 
.00010010 
.00057778 
.00203252 


the  temperature  had  been  raised  1°,  or  to  33°,  the  bar  was 
10  feet  4-  T»Vo  inch  long.  The  linear  expansion  then  was 
(10  feet  H-  raW  inch)  —  10  feet  =  ttVtt  inch,  and  the  ratio  of 
this  expansion  to  the  original  length  of  the  bar  was  tVoo  :  10 
X  12  =  ia6o^i.mi  :  1  =  .0OO0Ofi944. 

For  every  increase  of  temperature  of  1°,  the  rod  became 
longer  by  .000006944  of  its  length.     This  number  .000006944. 
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which  is   equal  to  the  expansion   of  the  rod  for  1°  rise  of 
temperature  divided   by  the  origfinal  length,   is  called  the 
coefriclcnl    of    lliienr   cxpnnslon.      If    the    temperature 
of  the  rod  were  increased   100°  instead  of   1^.  the  amount  ^ 
of    elongation    would   be    .0000069-14  X  100  =   .0006944    of  | 
its    length,   or  .0006944  X  120  =  .08332S  inch,   or  A   inch. 
Table  I  contains  the   coefficients  of  expansion,  per  degree    ^ 
Fahrenheit,  for  a  number  of  solids,  mercury,  and  alcohol,   H 
and  the  average  cubic  expansion  of  gases.     No  liquids  are 
given,  except  mercury  and  alcohol,  for  the  reason  thai  the 
coefficient  of  expansion  of  a  liquid  is  different  at  different 
temperatures. 


t 


16.     Formulas  for  Expansion. — 

Let  L  =  length  of  any  body; 

/  =  amount  of  expansion  or  contraction  due 
to  heating  or  cooling  the  body; 
A  =  area  of  any  section  of  the  body; 
a  =  increase  or  decrease  of  area  of  the  same 
section   after   heating   or  cooling  the 
body; 
y  =  volume  of  the  body; 
V  =  increase   or  decrease   in  volume  due  to 
healing  or  cooling  the  liody; 
Ci,Ct,  and  C  =  coefficients  taken  from  Table  I; 

/  =  difference  of  temperature  between  original 
temperature  and  temperature  of  budy 
after  it  has  been  heated  or  cooled. 
Then,  '  /  =  /.  r,  /  (1) 

a  =  AC,/  (2) 

V  =  I'd  (3) 

KxAMPLR  1.— How   much  will  a  bar  of  untempered  steel,   14  feet 
long,  expand  if  its  temperature  is  raised  Mi^'f 

SoLrnoN.— Since  only  one  dimeusion  is  given,  that  of  length,  linear 
expansion  only  can  he  considered,      From  Table  I  ihe  coeflrcicnt  ol  \ 
linear  expansion  per  unit  o(  length  for  a  rise  in  teniperalnre  of  1°  b  | 
found  to  bo  .00000699  for  DOtempered  steel.     Hence,  using  formula  1^ 
/  -  /.  C,  /  -  M  y  .00000599  X  SO  =  .OOtiTOtW    ft.,    or    .00670^  X   l»1 
-  .0»06O5ti  in.    Aqs. 


I 

ody^ 
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This  seems  a  very  small  amount,  but  in  engineering  con- 

[tstructions,  where  long  pieces  are  rigidly  connected,  it  must 

ibe  taken  into  account.     If  the  cross-section  of  the  bar  were 

2  inches  square,  and  the  bar  were  fitted  tightly  between  two 

supports,  an  expansion  of  the  above  amount  would  exert  a 

^pressure  against  the  supports  of  about  58,000  pounds. 

Example  2.— Ad  iron  rod  U  inches  in  diameter  and  100  feet  lon(^  is 
l«sed  as  a  tie*rod  id  constnicting  a  bridge.  It  was  put  in  place  and 
sectirely  fn.stened  to  two  riKid  Rupports  during  a  warm  day  in  summer 
vben  the  temperature  in  the  sunlight  was,  say  ]tO°.  On  a  cold  day  in 
winter,  when  the  thermometer  registers  zero,  how  much  will  the  bar 

I  tend  to  shorten,  owing  to  this  change  In  temperature? 
SoLtrriON.— From  formula  1, 
/  -  .00000686  X  100  X  IIO  =  .07M6  ft.  -  .fl0662  in.    Ans. 
H  th«  rod  were  rigidly  secured,  so  that  it  could  neither  stretch  nor 
Morten,  it  would  exert  a  pulton  the  snpporta  estimated  at  about  33,400 lb. 
EXAUPLB  3.— The  wheel  center  of  a  locomotive  driver  is  turned  to 
exactly  &0  inches  in  diameter.     H  the  stec)  tire  in  bored  49.(M  inches  tn 
^■diameter,  tn  what  temi>erAturc  must  the  ttre  be  raised  in  order  that  it 
^ntiny  be  easily  placed  over  the  center?    Assume  that  the  diameter  of  the 
tire  is  tncreaficd  until  it  is  lo'ins  inch  larger  than  the  center,  and  that 
the  original  temperature  is  60". 

Solution. — For  this  case,  formula  2  may  be  used.  The  original 
diameter  of  the  tire  is  4(t.lH  in.,  and  it  is  to  be  increased  to  AO.OUl  in. 
The  area  of  a  circle  4H.W4  in.  in  diameter  is  l,ft58.TH  sq.  in.;  the  area  of 

I  a  circle  50.001  in.  in  diameter  is  l,f)G.f..'>Ssq.  in.  The  difference  tietween 
Die  iWi.  areas  IK  l,1Hi;i,r>8  -  l.ir>S.79  =  4.79  sq.  in.  =  a  in  formula  2. 
Hence,  since  C,  -  .OnOOllflS.  and  /^  =  I.B58.79.  substitute  these  values 
hi  a  =  ^C./,  and4.7fl  =  I.WiS.79X  .00001198  X  /  =  .0234tttf/.  There- 
lore. 

4.79 


/  * 


sxmm 


=  204.18'.  and  304.13" +  60°  «  2W. 13**.    Ans. 


SoTK.—Owlaif  ID  th«  ffvrm  of  the  eon'tfon  here  denoted  by  formtita  8.  and  lo  Ibe 

vnavr  in  whivli  the  i-orrticlenls  (s  vrrtc  flcicrmintnl.  iIiIb  r^tuiuiili.-  msy  bfl  mora 

^aftOr  Holvcd    by   ni«unH   uf    lormulK    I.      ThuH,    rctranJ   the  JUmolrr  at    »  linear 

dliucDkion  aad  apply  formula  1 .     Invrcaw  tn  dianieicr  i*  /  -  oV.OQl  -  4t.'.V|  ■•  .061  In. 

■-  VIM  aai  Ci  "  .COOOOaW.    bubatitutinB;  tn  /  -  i.  C'l  /,  .061  =  i9.94  X  WKSMV  X  /,  or 

'  « 'MXOOOOVm  '  '"""°'  **""  ^-^  +  afi-  2a.92«.    An«     The  ilteht  aMI*renc« 

)  tbe  two  mulls  U  ImmalcTlal,  and  wu  to  have  been  expected. 

ExAuri.H  4. — What  is  the  decrea-sc  in  volume  of  a  copper  cylinder 

inches  long  and  22  inches  in  diameter  if  cooled  from  2)2"  tu  0"? 

Soi-UTION.— The  volume  is  ^  =  22'  X  .7854  X  30  =  11,404  cu.  in. 
"Apply  formula  3,  v  -  I'Ctt.    By  substituting, 

V  -  11,4W  X  .00002SW  X  212  «  69.24  cu.  in.    Ans. 
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17.  It  will  be  found,  on  trial,  that  the  three  prece- 
ding formulas  for  calciilatingf  expansion  will  not  work  back- 
wards; that  ts,  if  the  length  of  a  bar,  after  it  has  been  healed, 
be  found  by  fornuila  1,  Art.  16,  and  an  attempt  be  made  to 
reduce  the  bar  to  its  original  length  by  again  applying  the 
same  formula  and  substituting  for  /  the  same  value  as  in  the 
first  case,  the  value  obtained  for  /  will  he  slightly  different 
in  the  two  cases.  The  difference,  however,  is  so  slight  that 
it  is  neglected  in  practice.  If,  however,  it  is  desired  to 
obtain  exactly  the  same  result  in  both  cases,  the  following 
more  cumbersome  formula  must  be  used,  in  which  /,,/„  /,, 
and  /,  are,  respecti\'ely,  the  original  and  final  temperatures 
and  the  original  and  final  lengths,  and  C  has  the  same  value 
as  ia  formula  1,  Art.  16: 

18.  Kxpaiislon  of  Water. — Although,  as  stated  before, 
the  expansion  of  solids  and  liquids  is  nearly  imiform  through- 
out all  ranges  of  temperature,  water  is  a  marked  exception 
to  the  general  rule.  If  water  is  cooled  down  from  its  boil- 
ing point,  it  continually  contracts  until  it  reaches  39.1"  F., 
when  it  begins  to  expand,  until  it  freezes  at  32°  F.  On  the 
oilier  hand,  if  water  at  32°  F.  is  heated,  it  contracts  until  it 
reaches  39.1°  F.,  when  it  commences  lo  expand.  Therefore, 
the  density  of  water  is  greatest  where  this  change  occurs. 
The  importance  of  this  exception  is  seen  in  the  fact  that  ice 
forms  on  the  surface  of  water,  since  it  is  lighter  than  the 
warmer  body  of  water  lying  at  varying  depths  below  it. 
Were  it  not  for  this  fact  all  the  large  bodies  of  water  would 
freeze  solid,  and  the  climate  of  the  earth  would  thereby  be 
seriously  affected.  The  coefficient  of  expansion. of  water 
is  such  a  changeable  quantity  (varying  with  the  tempera* 
tare)  that  a  special  table  of  cocfHcients  is  required. 


I 
I 
I 


EXAifPLE*    FOR    PRACTICB 

1.    What  are  the  absolute  temperatures  correspoadtng  to:  (a)  IBCTC, 
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2.    Change  —10°  C.  to.  the  correspondiog  Fahrenheit  readingf. 

Ans.  14° 


P. 


3.  (a)  How  much  will  an  iron  tic-rod  60  feet  long  expand  when 
the  temperature  is  raised  from  40°  to  IIU^?  (6)  Calculate  the  expan* 
sion  by  the  formula  in  Art,  17  also,  (r)  What  is  the  difference  of  the 
two  results?  {(a)  ./U.')744  in. 

Ans.Nd)  .348725  in. 
l(()  .OOOOlfl  in. 

4.  To  what  temperature  must  a  steel  tire  of  59.93  inches  internal 
diameter  be  rai&ed  in  order  that  its  diameter  may  be  IJU.UUir)  inches? 
Original  temperature  is  71".  Ans.  ^0" 


HKAT  rUOPAGATION 

19.  Heat  is  propagated  through  matter  and  space  in 
three  ways — by  conduction,  by  co7iveciwn,  and  by  radiation. 

20.  Conduction. — The  progress  of  heat  from  places  of 
higher  to  places  of  lower  temperature  in  the  same  body  is 
culled  conductlou.     The  rate  at  which  heat  is  conducted 

TABLE  II 
HEAT    CONDUCTIVITY    OF    UBTALS 


Metal 


Silver    .    . 

Copper  . 
Gold  .  . 
Aluminum 
^inc  .  . 
Tin    .  .   . 


Conductivity 


100.0 

73-6 

3>-3 

28.1 

15-2 


Metal 


Iron     .   . 
Steel    .   . 
Lend    .    . 
Platinum 
Bismuth 
Mercury 


Conductivity 


'varies  greatly  with  different  substances,  the  good  conductors 
being  those  in  which  conduction  is  most  rapid,  and  the  bad 
conductors  being  those  in  which  it  is  very  slow.  A  non- 
conductor is  a  substance  that  will  not  conduct  heat.  No 
perfectly  non-conducting  substances  are  known,  but  a  num- 
ber of  materials  are  such  poor  conductors  of  heat  that  they 
are  ordinarily  called  non-conductors.  The  metals  furnish 
the  best  conductors,  and  of  these,  silver  stands  first,  and 
copper  second.     Fluids,  both  liquid  and   gaseous,  are  very 

I7J— 16 
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poor  condactors  of  heat.  Water,  for  example,  can  be  made 
to  boil  at  the  lop  of  a  vessel  while  a  cake  of  ice  is  suspended 
in  the  water  within  a  few  inches  of  the  surface.  If  iher- 
momelers  are  placed  at  different  depths,  while  waler  boils  at 
the  top/  it  is  found  that  the  conduction  of  heat  downwards 
is  very  slight. 

Representing  the  conductivity  of  silver  by  100,  Table  II 
shows  the  conducting  power  of  a  number  of  the  metals. 

Organic  substances  conduct  heat  poorly.  It  is  because  of 
this  fact  that  trees  withstand  great  and  sudden  changes  IQ 
the  atmosphere  without  injury.  The  bark  is  a  poorer  con- 
ductor than  the  wood  beneath  it.  Cotton,  wool,  straw, 
bran,  etc.  are  all  poor  conductors.  Rocks  and  earth  are 
poorer  conductors  the  less  dense  and  homogeneous  is  the 
mass;  hence  the  length  of  lime  required  for  the  heat  of  the 
sun's  rays  to  penetrate  the  earth.  In  Central  Europe,  the  air 
near  the  ground  has  the  highest  temperature  in  the  month  of 
July,  but  at  a  depth  of  from  2o  to  28  feet  in  the  earth  the 
time  of  highest  temperature  is  in  the  month  of  December. 

21.  Convection. — The  transfer  of  heal  by  the  motion 
of  the  heated  matter  itself  is  called  ronvpctton.  It  can 
take  place  only  in  liquids  and  gases.  For  example,  as  heat 
is  applied  to  the  bottom  and  sides  of  a  vessel  of  water,  the 
heaviness  of  the  water  nearest  the  source  of  heat  is  decreased: 
it  rises,  and  the  colder  and  heavijer  water  above  descends 
and  takes  its  place.  There  is  thus  a  constant  circulation 
going  on,  and  this  tends  to  equalize  the  temperature  of  the 
whole  mass  by  bringing  the  hotter  parts  of  the  water  in  con* 
tact  with  the  colder. 

S2«  Radiation. — The  communication  of  beat  from  a 
hot  body  to  a  colder  one  across  an  intervening  space  is 
called  radlntlnn.  The  best  example  of  radiated  heat  is 
that  received  from  the  sun.  the  distance  intervening  in  this 
case  being  n.1,tXX),00€l  miles.  A  person  standing  in  front  of 
a  fire,  but  at  some  distance  from  it,  feels  a  sensation*  o£ 
warmth  that  is  not  due  to  the  temperature  of  the  air,  for,  if  i 
screen  be  interposed  between  him  and  the  6re,  the  sensation 
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immedtaleJy  ceases,  which  would  not  be  the  case  H  the  sur- 
rounding air  had  a  high  temperature.  Hence,  bodies  can 
send  out  rays  that  excite  heat  and  penetrate  the  air  without 
heating  it.  This  is  rnUliint  hont,  and  it  manifests  itself  in 
all  directions  around  the  body. 
The  intensity  of  heat  radiation  from  a  given  source: 

1.  Varies  as  ihe  tempcratun  of  the  souree; 

2.  Varies  inversely  as  the  square  of  the  distance  from  the 
w; 

^     Grows  less  as  (he  imlination  of  the  rays  to  lite  surface 

'1  less. 
The  truth  of  all  these  laws  has  been  established  by  careful 
I  experiment. 
I    Radiant  beat  is  transmitted  in  a  vacuum  as  well  as  in  air. 

This  is  demonstrated  by  the  following 

experiment:     In  the  top  of  a  glass  flask,  a 

thermometer  /  is  fixed  in  such  a  manner 

that  its  bulb  occupies   tlie  center  of  the 

flask.   Fig.  4.     The  neck  of   the  fiask  is 

next  carefully  narrowed  by  means  of  a 

blowpipe;  the  flask  is  then  attached  to  an 

air  pump,  and  a  vacuum  is  produced  in  the 

interior.  This  being  accomplished,  the 
lube  is  scaled  at  the  narrow  part.  On 
immersing  in  hot  water,  or  on  bringing 
e  flask  near  some  hot  charcoal,  the  mer- 
cury is  seen  to  rise  at  once.  It  can  rise 
only  by  reason  of  the  radiation  through 
the  vacuum  in  the  interior,  for  glass  is 
such  a  poor  conductor  that  the  heat  could 
not  travel  with  sufficient  rapidity  through 

the  sides  of   the  flask  and  the  stem    of  ^'"-^ 

Ih^  thermometer  to  cause  this  almost  instantaneous  rise. 


23*  The  nidlnilnir  power  of  lientecl  Hurfaoein  also 
depends  very  greatly  on  llie  form,  shape,  and  material  of 
which  they  are  composed,  if  a, cubical  vessel,  filled  with 
hot  water,  has  one  of  its  vertical  sides  coated  with  polished 
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silver,  another  with  tarnished  lead,  a  third  with  mica,  and  th« 
fourth  with  lampblack,  experiment  has  shown  that  the  radia- 
ting powers  will  be  represented  relatively  by  tlie  numbers 
25,  45,  80,  100;  hence,  bright  surfaces  radiate  less  heat  ihan 
dark  ones  having  the  same  temperature. 

In  the  same  way.  it  is  found  that  the  heat-absorbing  power 
of  bodies  varies  in  a  similar  manner.  Lampblack  reflects  few 
of  the  heat  rays  that  impinge  on  it;  nearly  all  are  absorbed, 
while,  on  the  other  hand,  polished  silver  reflects  the  greaier 
percentage  of  the  rays  and  absorbs  only  about  2i  per  cent. 

Some  substances  neither  absorb  nor  reflect  the  heal  rays 
to  any  extent,  but  transmit  nearly  all  of  them  just  as  glass 
transmits  light.  For  example,  rock  salt  reflects  less  than 
8  per  cent,  of  the  radiation  it  receives,  absorbs  almost  none, 
and  transmits  92  per  cent. 

ft  is  apparent  that  there  is  a  sort  of  exchange  going  on 
between  heated  bodies  at  all  times,  which  tends  toward  an 
equalization  of  temperature.  The  hot  bodies  are  always 
cooling,  and  the  cold  bodies  are  always  tending  toward  a 
rise  in  temperature,  so  that  heat  is  created  only  to  be  dif- 
fused and  apparently  lost.  That  it  is  not  lost,  however, 
will  be  shown  in  the  subsequent  pages. 

24.     Dyiiamfral    Theory    of    Heat. — The    view    now 

generally  taken  as  to  the  mode  in  which  heat  is  propagated 
is  thus  stated  in  Ganot's  Physics:  "A  hot  body  is  one  whose 
molecules  are  in  a  state  of  vibration.  The  higher  the  tem- 
perature of  a  body,  the  more  rapid  are  these  vibrations,  and 
a  diminution  in  temperature  is  but  a  diminished  rapidity  of 
the  vibrations  of  the  molecules.  The  propagation  of  heat 
through  a  bar  is  due  to  a  gradual  communication  of  this 
vibratory  motion  from  the  heated  part  to  the  rest  of  the  bar. 
A  good  conductor  is  one  which  readily  takes  up  and  trans- 
mits the  vibratory  motion  from  molecule  to  molecule,  while 
a  poor  conductor  is  one  which  lakes  up  and  transmits  the 
motion  with  difficulty.  But  even  through  the  best  of  the 
conductors  the  propagation  of  this  motion  is  compara- 
tively slow.     How  then  can  be  explained  the  instantaneous 
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perception  of  heat  when  a  screen  is  removed  from  a  fire,  or 
when  a  cloud  drifts  from  the  face  of  the  sun?  In  this  case, 
the  heat  passes  from  one  body  to  another  without  affecting 
the  temperature  of  the  medium  which  transmits  it.  In  order 
to  explain  these  phenomena,  it  is  imagined  that  all  space, 
the  space  between  the  planets  and  the  stars,  as  well  as  the 
interstices  in  the  hardest  crystal  and  the  heaviest  metal — in 
short,  matter  of  any  kind — is  permeated  by  a  medium  having 
the  properties  of  matter  of  infinite  tenuity,  called  ether. 
The  molecules  of  a  heated  body,  being  in  a  state  of  intensely 
rapid  vibration,  communicate  their  motion  to  the  ether 
around  them,  throwing  it  into  a  system  of  waves  which 
travel  through  space  and  pass  from  one  body  to  another 
with  the  velocity  of  light.  When  the  undulations  of  ihe 
ether  reach  a  given  body,  the  motion  is  given  up  to  the 
molecules  of  that  body,  which  in  their  turn  begin  to  vibrate; 
that  is,  the  body  becomes  heated.  This  process  of  this 
motion  through  the  ether  is  termed  radiation,  and  what  is 
called  a  ray  of  heat  is  merely  one  series  of  waves  moving  in 
a  given  direction."  

MEASUKEMENT  OP  HEAT 


HEAT    UNITS 

25.  The  Brlttsli  Tliermal  Unit. — To  measure  heat, 
some  standard  unit  is  required.  The  unit  commonly 
employed  in  English-speaking  countries  is  thg  amount  oi 
heat  required  to  raise  the  temperature  of  1  pound  of  water 
from  €2°  to  63°  F.  This  unit  is  called  the  British  ther- 
znal  unit,  usually  written  B.  T.  U. 

For  accurate  work,  it  is  necessary  to  specify  the  particular 
degree  on  the  thermometric  scale,  for  it  is  found  by  experi- 
ment that  the  heat  required  to  raise  the  temperature  of  a 
pound  of  water  1°  is  not  the  same  for  all  parts  of  the  scale. 
For  ordinary  calculations,  however,  this  is  not  required. 

26.  The  Calorie, — The  amount  of  heat  necessary  to 
raise  the  temperature  of  1  kilogram  of  water  1°  C.  is  called 
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a  oalorle.  One  kilogram  equals  2.2040  pounds  and  1°  C. 
-1X1°  F,;  hence,  a  calorie  is  2.2046  X  I  =  3.9683  B.  T.  U. 
The  calorie  is  used  in  France,  and  in  other  countries  in  which 
the  metric  system  of  weights  and  measures  has  been  adopted. 


^i 


SPKCIFIC   HEAT 

27.  Definition  or  Bpcclfle  Heat. — If  equal  weignF 
of  two  substances  are  heated  under  exactly  similar  con- 
ditions to  a  certain  temperature,  it  will  take  longer  to  heat  1 
one  than  to  heat  the  other.  If,  at  this  higher  temperature, 
they  are  plunged  into  water,  in  vessels  containing  equal 
quantities  of  water  at  the  same  temperature,  the  tempera- 
ture of  the  water  will  be  raised  more  by  the  substance  that 
retjuired  the  lonjjer  time  to  heat.  For  example,  it  requires 
mure  time  to  raise  the  temperature  of  1  pound  of  iron  from  | 
70°  to  300°  than  to  raise  the  temperature  of  1  pound  of  lead 
to  the  same  point  under  the  same  conditions.  H  each  is 
then  cooled  in  a  separate  vessel  containing,  say,  5  pounds  of 
water  at  70°,  the  water  in  which  the  iron  cools  will  be  heated 
to  a  higher  temperature  than  that  in  which  the  lead  cools. 
This  indicates  that  it  takes  more  beat  to  raise  the  tempera- 
lure  of  1  pound  of  iron  a  certain  number  of  degrees  than  it 
does  to  raise  the  temperature  of  1  pound  of  lead  the  same 
number  of  degrees,  and  that  the  iron,  at  the  same  tempera- 
ture as  the  lead,  held  more  heat  than  did  the  lead. 

The  apoolflo  hont  of  a  substance  is  the  r.iiio  between  the 
amount  of  heat  required  to  raise  the  temperature  of  the 
substance  1*^  and  the  amount  of  h,eat  required  to  raise  the  tem- 
perature of  the  same  weight  of  water  1°.  Thus,  if  the  spe- 
cific heat  of  lead  is  .0314.  the  amount  of  heat  required  to  raise 
a  certain  weight  of  lead  1°  will  raise  the  same  weight  of  water 
only  .0314  of  l^.or,  what  is  the  same  thing,  .0314  B.  T.  U. 
will  raise  the  temperature  of  1  pound  of  lead  1°  F. 

Example. — The  specific  heat  of  copper  Ik  .0951;  how  many  B.  T.  U. 
will  it  take  to  raise  the  temperature  of  7n  pi.ninds  ISO*"? 

Solution. — Since  it  takes  .Oi>f>I  B.  T.  U.  to  raise  1  lb.  of  copper  1*, 
it  will  take  75  X  ISO  x  .OifcM  B.  T  V.  to  raise  75  lb.  1H0°.  Henc^.  the 
heat  required  is  .0951  X  76  X  1«0  =  1.2S3.85  B.  T.  U.    An». 
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28.  Hent  Roqulrccl  Tor  n  (JIvcn  RIko  of  Tempera- 
ture.— The  following  formuln  gives  the  number  of  B.  T.  U. 
required  to  raise  the  temperature  of  a  substance  a  given 
number  of  degrees,  or  the  number  of  B.  T.  U.  given  up  by 
a  body  in  cooling  a  given  number  of  degrees: 

Let  G  —  weight  of  body,  in  pounds; 

s  ^  specific  heat  of  substance  composing  the  body; 

/,  =  original  temperature  of  body; 

/,  =  final  temperature  of  body; 

Q  =  number  of  B.  T.  U.  required,  or  given  up,  in 
changing  temperature  of  body  from  /,°  to  /,°. 
Then,  Q  =  GsU,-i^ 

ExAMpLO.— A  piece  of  wrought  iron  weishing  31.3  pounds  and 
having  a  temperature  of  IKKJ".  is  coaled  to  a.  tcrupcrature  of  (10°;  liow 
many  units  oE  heat  did  it  give  up?    The  specific  heat  cf  wruugbt  iroa 

is  nas. 

Solution.— UsiriR  the  above  formula,  Q  =  G sU^  —  /,), 

31.3  X  .1138  X  («0  -  900)  =  -2,tM2  B.  T.  U.     Alls. 

If  a  body  is  cooled  from  a  temperature  /.  down  to  a 
temperature  /„  the  value  of  Q  as  given  by  the  above  formula 
will  be  negative,  the  minus  sign  indicating  that  the  heat  is 
withdrawn. 

29.  In  Table  1 1 1  are  given  the  specific  heats  of  a 
number  of  substances  under  constant  pressure. 

The  reason  that  there  are  two  values  for  the  specific  heat 
of  gases  is  that  less  heat  is  required  to  raise  the  temperature 
Ufa  gas  when  the  volume  is  constant  than  when  the  pres- 
sure is  constant  and  the  volume  varies.  This  point  will  be 
tUore  fully  discussed  later. 

30.  Mixing  Bo<!le«  oT  Unequal  TcmperRtures. — If  a 
<>ertain  quantity  of  water  having  a  temperature  of  40°  is 
Hiixed  with  a  like  quantity  having  a  temperature  of  100**, 

the  temperature  after  mixing  will  be       "t         =  70°.     But. 

if  5  pounds  of  copper  having  a  temperature  of  100°  Js 
immersed  in  5  pounds  <tf  water  having  a  temperature  of  40°, 
the  resulting  temperature  will  not  be  70°. 
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When  different  substances  having  different  specific  heats 
and  different  temperatures  are  mixed  or  are  brought  into 
close  contact,  the  resulting  temperature  may  be  found  by  the 
following  formula,  provided  that  there  is  no  change  of  State 
in  any  substance,  as  when  ice  melts,  etc.: 

f  ^  <^>  s,  /.  -f  G,  J.  /,  +  G,  s,  /,  4-  gle. 
G,  s,  +  (7,  f ,  +  G,  s,  +  etc. 
in  which     /  =  final  temperature  of  mixture; 
Gt,  Sn  and  /,  =  weight,  specific  heat,  and  temperature,  respect- 
ively, of  one  body; 
<7„  Ji,  and  /,  =  same  for  second  body; 
0,tS»,  and/,  »  same  for  a  third  body,  etc. 

Apply  this  formula  to  the  case  of  the  copper  immersed  in 
water.  The  specific  heat  of  water  is  I  and  the  specific  heat 
of  copper  from  Table  III  is  .0951;  then  the  final  temperature 
is  found  from  the  equation 

5  X  1  X  40  +  5  X  .0951  X  100 


/  = 


=  45.21'=',  nearly 


5  X  1  +  6  X  .0951 

ExAVpr.H  1. — If  21  pounds  of  water  at  a  tenipenitureof  fi2'  is  mixed 
wilh  40  pnuntls  of  waler  at  a  temperature  of  100",  what  is  the  temper- 
ature of  the  mixture? 

Solution. — Since  the  specific  heat  of  water  ia  I,  it  tuay  t>e  left  out 
IB  applyiog  the  forraula,  and  the  temperature  is  found  to  bo 
21  X  52  +  -lO  X  100 


i  = 


=  122.82".    Ans. 


21+40 

Example  2. — A  copper  vessel  weiRhing  2  pounds  is  partly  filled 
wjih  water  having  a  temperature  of  80°  and  weighing  7.H  pounds.    A 
Piece  of  wrought  iron  weighing  3j  pounds  and  having  a  temperature 
c»(  780°  is  dropped  into  this  water.     What  Is  the  final  temperature? 

SoLimoN. — Substituting  the  values  given  in  the  formula,  and 
^«TDembering  that  the  original  temperatures  oE  the  copper  vessel  and 
^lie  water  that  it  contains  arc  the  same,  then 

,       2  X  .0951  X  80  +  7.8  X  80  +  3.2a  X  .1138  X  "flO 


2  X  -OftSI  +  7.8  +  3.2rj  X  .1138 


=  110.97'.  nearly. 
Ans. 

ExAUPLE  3.— A  wrought-iron  ball  weighing  I  pound  is  placed  in  a 
^furnace;  when  it  has  attained  the  temperature  of  the  furnace,  it  is  taken 
out  and  placed  in  a  coppL-r  vessel  weighing  I  pound  and  containing 
exactly  2  pounds  of  water  at  a  temperature  of  Ih",  Assuming  that  no 
water  escapes  as  steam,  and  that  the  temperature  of  the  ball,  water, 
and  vessel  after  mixing  is  15t>'°,  what  is  Che  temperature  of  the  furnace? 
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Solution. ^Substita ting  the  values  ^ven  in  preceding  formula, 
I  X  -IliW  X  /,  +  2  X  75  -f  .5  X  .0961  X  75 


156  s 


or, 


1S6 


1  X  .U»8  +  2  +  .5X  .0901 

.11S8  /,  +  ids.nnd 


2.I6I3S 
and  clearing  of  fractions,  ISO  X  2.16135  =  .1138  /.  +  153.566;    beace, 

.1138  ^  =  iKi.em, 

18^.U04 
.1138 


or. 


'«      ^  11.1D 


1.613.4".     Ans. 


31.     CaleiilutlnK   Spociric    lleut. — By    mean.*;    of   the" 
formula  in  Art.  30,  the  specilk  heat  of  a  substauce  may  be 
obtained.     Thus,  in  the  formula, 

/  =  l^i-^i  /^+^.«  1-  /.  +  0>  s,  f,  H-  e/c. 
G, J,  +  t;, J,  +  C.J,.  eU, 
suppose  that  the  specitic  heat  j,  is  required,  and  that  all  the 
other  quantities,  including  /,  are  known.  Solving  the  above 
equation  for  i,,  t{G^Sy  +  C,j,  +  etc.)  +  /O'^j,  =  G^s^t^ 
+  G,s,/t  4-  GtStU  +  etc. I  or/<7,*,  —  /,  G%s,  =  dsx  A  —  G^sJ 
+  G, St  I,  —  GtStt  •¥  ftc. , 


or. 


,  _  G,s,  (/.  -  /)  +  g.5.  (/,  -  /)  +gfc. 


Example. —A  silver  vessel  weighing  IS  ounces  is  suspended  by  a 
string;  I  pound  4  imntes  of  water  having  a  tempernture  of  120''  U 
poured  into  it,  nnd  in  this  '\%  placed  a  piece  of  metal  weighing  1-1  ounces 
and  having  a  temperature  of  lUO^.  If  the  temperature  of  the  \-essd  is 
72°,  and  the  liual  temperature  is  117°,  what  is  the  specific  heat  of  tbe 
piece  of  metal? 

SuM'Ti ON.— Using  tbe  formula,  and  letting  ^i,  i,,  and  tx  reprcwiit, 
respectively,  the  weight,  specitic  heat,  and  ten][icraturc  of  the  silver 
vessel  Gt,  5,,  and  /,  the  same  quantities  fur  the  water,  and  6*,,  5^,,  and  A 
those  for  tbe  piece  f>f  metal, 

13  X  .057(72  -  IIV)  +  20  X  1  (120-117)       -33.845  +  00        ,,. 


14(117-  100) 


238 


All  weight.s  must  be  reduced  to  either  poands  or  ounce:: 
before  substituting;. 
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EXAMPLES    FOB    PRACTICK 

1.  How  many  units  of  heal  are  required  to  raise  the  temperature 
of  10  ounces  of  pliitiiluni  from  80"  to  2,0lXl°?  Ans.  38,88  B.  T.  U. 

2.  In  order  to  determine  the  specific  heat  of  a  certain  alloy,  a 
piL*ce  weighing  12i  ounces  was  heated  to  a  temperature  of  320",  and 
was  then  immersed  in  2  pounds  ^  ounces  of  water  contained  in  a  lead 
vessel  weighing  4  pounds  7  ounces.  The  temperature  of  the  water 
and  of  the  vessel  being  70^,  what  was  the  specilic  beat  of  the  alloy  if 
the  final  temperature  was  79^?  Ans.  .120^ 

3.  In  order  to  determine  the  temperature  of  a  chimney,  a  silver 
bar  weighing  20  ounces  is  placed  in  it  until  it  has  attained  the  same 
temperature.  It  is  then  immersed  in  i  pound  of  water  contained  in  a 
brass  vessel  weighing  10  ounces.  The  tempe'^ture  of  the  vessel  and 
water  being  65°,  and  the  final  temperature  08|°,  what  ts  the  tempera* 
ture  of  the  chiraDey?  Ans.  596° 

4.  An  iron  casting  weighing  3  tons  is  cooled  from  2,100°  to  100"; 
how  many  units  of  heat  does  it  give  upp  Aus.  1,557,000  B.  T.  U. 


LATENT  HEAT 

32.     Doctor    Black^B    Kxperiraont. — Heretofore,  the 
phenomena  relating  to  sensible  heat  only  have  been  con- 
"    sidered;   heat  that  is  not  sensible,  that  is,  heat  the  exist- 
ence of  which  is  not  revealed  by  the  senses  or  by  a  ther- 
mometer, will  now  be  considered.     If  a  quantity  of  pounded 
ice  at  a  temperature  of  32°  be  put  in  a  vessel  and  held  over 
the  flame  of  a  spirit  lamp,  heat  passes  rapidly  into  the  ice 
and  melts  it;  but  a  thermometer  resting  in  this  mixture  of 
ice  and  water  shows  no  tendency  to  rise;  it  will  remain  at 
32®  until  all  the  ice  has  been  melted.     Where  has  the  heat 
e"one  that  was  supplied  to  the  ice?     This  question  was  first 
investigated  by  Doctor  Black,  of  Edinburgh,  in  1760,  and  is 
Easily  explained  by  the  modern  dynamical  theory  of  heat. 

Doctor  Black  took  1  pound  of  water  and  1  pound  of  ice, 
Vrioth  having  a  temperature  of  32°,  and  placed  them  in  two 
"Vessels  suspended  in  a  chamber  that  was  kept  at  as  nearly  a 
Coniform  temperature  as  possible.  At  the  end  of  J  hour  the 
■temperature  of  the  water  was  39.2°,  but  the  ice  did  not  reach 
that  temperature  untfl  lOl  hours  had  passed,  being  melted, 
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of    course,    in    the    mean,time.     Doctor    Black    reasonably 

assumed   that  the  ice  received  the    same  quantity  of  heat 

that  the  water  did  in  each  i  hour,  because  it  was  placed  in 

exactly  the  same  position  with  respect  to  the  surrounding; 

air;  that  is  to  say,  it  received  39.2  —  32  =  7.2  units  of  heal 

every  i  hour,  or    14.4    units    every    hour,    and    11.4  X  lOJ 

=  151.2  units    in   lOi   hours.      Hence,   it    look   151.2  -  7.2 

=  144  units  of  beat  to  change  the  1  pound  of  ice  at  32°  into 

water  at  32°.     This  value  will  be  used  hereafter  whenever 

the  occasion  arises  for  using:  it. 

If  1   pound  of  water  having  a  temperature  of  212**  be 

mixed  with  1  pound  of  water  having  a  temperature  of  32". 

212  4-  S2 
the  temperature  of  the  mixture  will  be        Z       =  122*.  the 

boilinc  water  giving  up  90°  and  the  cold  water  receiving  90°, 
thus  bringing  both  to  a  common  temperature.  If  1  pound  of  , 
ice  at  a  temperature  of  32°  be  mixed  with  1  pound  of  water  I 
at  a  temperature  of  212°,  the  temperature  of  the  mixture 
will  be  only  50°  instead  of  122,  as  in  the  previous  case. 
Here,  the  water  has  given  up  212  —  50  =  162  units  of  heat 
in  order  to  bring  both  bodies  to  a  common  temperature. 
Since  the  temperature  of  the  ice  was  raised  from  32°  to  50°, 
it  follows  that  50  —  32  =  18  units  of  beat  were  used  to 
raise  the  temperature  of  the  ice  after  it  had  been  melted 
into  water,  and  that  162  —  18  =  144  units  of  heat  were 
necessary  to  convert  the  ice  at  32°  into  water  of  the  same 
temperature.  ' 

33.  Tjitcnt  Heat  of  Fii»lon. — The  extra  amount  of 
heat  that  is  necessary  to  convert  a  solid  into  a  liquid  of 
the  same  temperature  without  raising  the  temperature  of  the 
solid  is  called  the  latent  hrut  uf  fusion,  and  the  tem- 
perature at  which  this  change  of  state  in  the  body  takes 
place  is  called  the  melting  ]>oIiit,  or  teniiieratnre  of 
fusion.  All  solids  probably  have  a  latent  heat  of  fusion, 
the  word  prohably  being  used  because  some  solids  have 
never  been  melted,  except  at  such  high  temperatures  that 
accurate  measurements  are  not  possible. 
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The  value  of  the  latent  heat  varies  greatly  fur  different 
substances,  being  144  units  for  ice,  while  for  frozen  mercury 
its  value  is  only  5.0fl;  that  is,  to  change  1  pound  of  frozen 
mercury  at  its  temperature  of  fusion  (  —  39°  F.)  into  liquid 
mercury  of  the  same  temperature  requires  only  5.09  units 
of  heat. 

It  is  reasonable  to  suppose  that  if  144  units  of  heat  are 
required  to  convert  1  pound  of  ice  at  32°  into  water  at  32°^ 
then  the  same  number  of  heat  units  will  be  given  up  when 
water  at  ^2°  is  changed  into  ice  at  32°.  Kxperiment  has 
verified  this  supposition. 

34.  I^atent  Heat  of  Vapurlzatlon. — If  water  be  heated 
to  its  boiling  point  ot  212°  under  a  constant  pressure  of 
14.696  pounds  per  square  inch,  it  has  been  found,  by  experi- 
ment, that  about  965.8  units  of  heat  are  required  to  change 
1  pound  into  steam  at  212°.  This  extra  number  of  units 
of  heat  necessary  to  convert  a  liquid  into  vapor  of  the  same 
temperature  and  pressure  is  called  the  latent  heat  of 
Tapurlzatluxi,  and  the  temperature  at  which  this  change  of 
state  takes  place  is  called  the  icmi>craturo  of  vaporization. 

35.  Nature  of  Latent  Ucat. — According  to  the  modem 
theory  of  beat,  the  extra  quantity  of  heat  necessary  for  a 
change  of  state  of  a  body  is  used  in  forcing  the  molecules  of 
a  body  farther  apart,  and  in  overcoming  the  force  of  cohesion. 
This  latent  heat  is  not  lost,  but  performs  work  in  giving 
additional  energy  to  the  molecules  of  a  body,  and  it  always 
reappears  when  the  body  resumes  its  former  slate.  Thus, 
/or  instance,  1  pound  of  steam  under  a  pressure  of  one 
atmosphere  coiuains  about  965.8  -|-  180  =  1,145.8  units  of 

heat  more  than  does  1  pound  of  water  at  32°.     Hence,  if 


X  pound  of  steam  at  212°  be  mixed  with 


965.8 
180 


5=  5.37  pounds 


Cif  water   at  32°,  the  temperature  of  the  mixture  will  be 
Exactly  212**,  or  the  boiling  point  of  water;  in  other  words, 
^he   steam  raised   5.37  pounds  of  water  from   the  freezing 
Xioint  to  the  boiling  point  without  lowering  its  own  tempera- 
ture by  merely  changing  from  steam  into  water.     If  1  pound 


Example  I.— How  many  units  of  heat  will  be  required  lo  fha,  ■k^B 
12  pounds  of  Ice  at  a  temperature  of  —20"  C.  into  steam  of  212"  F.    ^ 

Solution.— By  formula  1,  Art.  lI,A  =  (|X-20)  +  32='-l-"^  ■* 
This  is  equivalent  to  32°  +  4"  =  30"  F,  below  the  freezing  po*nt.  ^ 

Table  III,  the  specific  heal  of  ice  was  given  ns  ..VH;  hence,  it  will  e:^*  ' 
12  X  3(i  X  MH  =  217.7U  K.  T.  U.  lo  raise  the  temperature  of  12  Ibr  -  _ 
Ice  from  —4"  to  82".  To  convert  this  ice  into  water  of  '3'2''  will  req  «■*  * 
144X12=  1,728  B.T.U.    Toraise  this  water  fronj  32*"  toalenipera«*^ 
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of  212"  will  require  12  X  180  =  2,160  B.  T.  U.  To  convert  it  into 
steam  of  212"  will  require  966.8  X  12  =  11,589  B.  T.  U.  The  total 
number  of  units  of  heat  required  is  therefore 

217.73  +  1,728  +  2,160  +  11,589  =  15,695  B.  T.  U.     Ans. 
Example  2. — How  many  units  of  heat  will  it  take  to  evaporate 
25  pounds  of  alcohol  from  a  temperature  of  70°? 

Solution.— The  temperature  of  vaporization  of  alcohol  is  173",  and 
the  specific  heat  is  .62;  the  increase  in  temperature  from  70"  will  be 
173"  -  70"  =  103".  The  number  of  units  of  heat  required  will  be 
25  X  1(6  X  .62  =  1,596.5  heat  units.  The  latent  heat  of  vaporization 
is  372;  hence,  1,596.5  +  25  x  372  =  10,896.5  B.  T.  U.  will  be  required. 

Ans. 

37.  Freezing:  Mixtures. — A  solid  may  be  changfed  into 
a  liquid,  not  only  by  melting  it,  but  also  by  dissolving  it,  as 
salt  or  sugar  is  dissolved  in  water.  Since  the  particles  of 
the  solid  body  must  be  torn  asunder,  in  opposition  to  the 
forces  that  hold  them  together,  it  is  reasonable  to  suppose 
that  a  certain  amount  of  heat  will  be  required  to  do  this. 
That  such  is  a  fact  may  be  easily  proved  by  any  one  having 
a  thermometer.  Put  a  thermometer  in  a  vessel  of  water  and 
leave  it  there  until  it  indicates  the  temperature  of  the  water, 
then  put  in  some  salt  or  sugar,  and  stir  so  as  to  make  it  dis- 
solve more  quickly.  It  will  be  found  that  the  mercury  has 
fallen  several  degrees.  In  fact,  if  any  solid  is  dissolved  in 
a  liquid  that  does  not  act  chemically  on  it,  the  temperature 
of  the  mixture  will  be  lower  than  if  the  solid  did  not  dis- 
solve. It  is  this  principle  that  is  taken  advantage  of  in  the 
so-called  freezing  mixtures.  A  mixture  of  one  part  of 
nitrate  of  ammonia  and  one  part  of  water  will  reduce  the 
temperature  from  50°  to  4°,  a  fall  of  46°.  The  effects  are 
still  more  striking  when  both  bodies  are  solids,  one  of  which 
is  already  at  the  freezing  point.  Thus,  in  a  mixture  of  two 
parts  of  snow,  or  finely  pounded  ice,  and  one  part  of  com- 
mon salt,  the  temperature  is  lowered  from  32°  to  —5°,  a  fall 
of  37°,  while  in  a  mixture  of  four  parts  of  potash  and  three 
parts  of  snow  or  pounded  ice  the  temperature  is  lowered 
from  32°  to  -  51°,  a  fall  of  83°. 

,     38.     Ijatent  Heat    In    Nature. — Latent  heat  plays  an 
important  part  in  the  formation  and  melting  of  ice  and  snow 
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in  nature.  It  takes  a  long  time  and  severe  cold  to  freeze 
the  water  of  a  river  to  any  depth,  even  though  the  thermoni' 
eter  goes  far  below  the  freezing  point.  This  is  because 
144  units  of  heat  must  be  given  up  by  every  pound  of  water, 
after  being  brought  to  the  freezing  point,  before  the  ice  can 
form.  If  it  were  not  for  this  fact,  the  rivers,  lakes,  and 
other  bodies  of  water  would  be  frozen  solid  as  soon  as  the 
water  reached  the  freezing  point,  and  would  be  melted  as 
soon  as  the  temperature  rose  above  that  point.  In  the 
spring  all  the  snow  on  the  hills  would  be  ineUed  during  a 
warm  day,  and  great  floods  would  be  the  consequence.  As 
it  is,  144  units  of  heat  must  be  supplied  to  every  pound  of 
snow  at  32**  to  convert  it  into  water  at  82°,  and  considerable 
time  must  elapse  before  the  whole  of  this  large  tjuautity  of 
heat  can  be  supplied.         

EXAMPLES    FOR    PRACTICE 

1.  If  1  pound  of  steam  at  212°  and  7  pounds  of  ice  at  32**  are  mixed, 
what  will  be  the  resulting  temperature?  Ans.  49.23* 

2.  How  many  units  of  heat  are  required  to  melt  10  pouiidK  of  mer- 
cury at  -39"  nnd  raise  it  to  a  temperature  of  0"?      Ans.  63.9  B.  T.  U. 

.3.  How  many  pounds  of  oil  of  turpentine  at  OO"  can  be  vaporized 
by  the  heat  from  I  pound  of  coal.  If  the  coal  gives  out  13,400  B.  T.  V. 
during  combustion?  Ann.  57.8  ib. 

4.  How  many  pounds  of  water  at  32*  can  be  vaporized  by  the 
heat  from  the  combustion  of  1  pound  of  coal  of  the  qualit}*  u»ed  in 
examples?  Ans.  11.7  1b. 

fi.  How  many  pound.*;  of  coal  of  the  same  quality  as  in  examples 
are  reqnlred  to  raise  100  pounds  of  wrought  iron  from  85°  to  its  melt- 
ing point?  Ans.  2.4  lb. 

SOirRCES  OF   HKAT 

39.  Heat  is  derived  from  the  following  sources:  Physut*  i 
sffurcfs,  which  are,  the  radiation  of  heat  from  the  sun,  terre^s- 
tria!  heat,  change  of  state  in  bodies,  and  electricity;  chemice^^l 
sourus,  or  molecular  combinations,  more  especially  combu.  ^" 
tion:  meckanUal  sources,  comprising  friction,  percussion,  SLt:^<^ 
pressure. 
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40.  Physical  Sources. — The  greatest  of  all  the  sources 
of  heat  is  the  sun.  Most  scientists  are  of  the  opinion  that 
all  the  heat  received  or  given  up  by  the  earth  has,  or  has 
had,  its  source  in  the  sun;  but  it  is  not  required  to  discuss 
this  theory  fully  here.  It  is  the  heat  radiated  from  the  sun 
and  received  by  the  earth  that  causes  the  changes  of  seasons, 
and  that  causes  the  water  in  the  rivers,  lakes,  and  seas  to 
e%'ap<jrate  and  form  the  clouds,  to  be  again  precipitated  as 
rain  or  snow.  Without  this  heat,  no  living  thing — animal  or 
^vegetable— could  exist. 

The  earth  possesses  a  heat  peculiar  to  itself,  called  Urres- 
trial  heal.  When  a  descent  is  made  below  the  surface,  the 
temperature    is    found   to   gradually   increase.     This  is  not 

used  by  the  heat  radiated  from  the  sun,  for  the  material 
comprising  the  earth  is  such  a  poor  conductor  that  the  heat 
of  the  sun's  rays  penetrates  only  a  very  short  distance  below 

e  surface.  The  explanation  usually  given  for  this  phenom- 
non  is  that  the  interior  of  the  earth  is  in  a  molten  condition, 
he  terrestrial  heat  exerts  but  a  slight  effect,  not  raising  the 
temperature  of  the  surface  more  than  A^. 

If  a  liquid  be  poured  on  a  finely  divided  solid,  as  a  sponge, 
our,  starch,  roots,  etc.,  the  temperature  will  be  increased 
om  V*  to  10*  according  to  conditions.  This  phenomenon 
■inay  be  called  heat  produced  by  capillarity. 

The  heat  produced  by  a  change  of  state  has  already  been 
described;  it  is  the  heat  given  off  when  a  body  is  convened 
from  a  gas  or  liquid  to  a  liquid  or  solid. 

Extremely  high  temperatures  may  be  produced  by  the  elec- 
tric current.  By  means  of  it,  quicklime,  firebrick,  osmium, 
XKircelain.  and  several  other  snbst.inces,  which  until  very 
)  x-ecently  have  resisted  every  attempt  to  melt  them,  may  be 
made  to  run  like  water. 

!41.  Clienileal  Sources. — Whenever  substances  that 
ftct  chemically  on  one  another  are  brought  together  and 
fcllnwed  to  combine,  heal  is  evolved.  When  heat  is  pro- 
duced by  oxygen  uniting  with  carbon  or  some  other  sub- 
stance, and  is  accompanied  by  light,  it  is  called  combustion. 
^  178—17 
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42.  Hechaiitcal  Sonrcos. — The  friction  between  any 
two  bodies  nibbed  together  produces  heat.  Rubbing  one 
band  briskly  against  the  other  will  soon  make  the  bands  too 
warm  for  comfort.  The  friction  between  a  jonmal  and  its 
bearing  causes  heat;  the  heat  causes  the  journal  and  bearing 
to  expand,  the  journal  expanding  more  rapidly  because  it  is 
smaller  and  is  heated  more  quickly;  the  expansion  causes  a 
"^ftk  greater  pressure  on  the  bearing,  thus  produ- 
cing more  friction  and  heat.  If  the  bearinji 
is  not  properly  oiled,  the  heat  will  become 
so  intense  in  a  short  time  that  the  soft  metal 
in  the  bearing  will  melt. 

When  meteors  or  so-called  shooting  stars 
strike  the  earth's  atmosphere  their  velocity 
is  so  great  (sometimes  as  high  as  150  miles  a 
second)  that  the  friction  of  the  atmosphere 
causes  them   to  take  fire  almost  instantly. 

Friction  is  always  accompanied  by  the  pro 

■  Uiction  of  heat. 

Heat  is  also  generated  by  percussion.  Th^^ 
repeated  blows  of  a  hammer  on  a  piece  o^^ 
iron,  lead,  or  other  metal,  will  soon  mak 
it  quite  hot. 

The  generation  of  heat  by  compressio^c=)fi 

was  mentioned  in  conneciion  with  gases     ~       It 

is  a  matter  of  common  experience  that  whi      ■  fti 

a  gas  is  compressed  its  temperature  ri«*  '     '-"*■ 

The  cylinder  of  an  air  compressor  is  tc^^-  oo 

pfi.h  warm   to  rest   the  hand   on,   and  a  bicyc::^«Je 

pump  can  be  made  quite  warm  by  vigorous  use.     The  sai — ^sne 

thing  is  also  true  of  solids  and  liquids,  hut  the  results  ^^^ire 

not  so  marked. 

The  production  of  heat  by  the  compression  of  gases         i^ 
easily  shown  by  means  of  the  pnenmatic  syringe  shown        'fl^ 
Fig.  .'■>,  which  consists  of  a  glass  tube  with  thick  sides.- h  -^'r- 
metically  closed  with  a  leather  piston.     At  the  holtora  i^  ^ 
small  cavity  in  which  a  piece  of  cotton,  moistened  with  elHw 
or  carbon  disulphide,  is  placed.    The  tul}e  is  lilled  with  sir 
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and  the  piston  is  suddenly  plunged  downwards.  The  com- 
pression of  the  air  generates  so  much  heat  that  the  cotton  is 
ignited  and  can  be  seen  to  bum  when  the  piston  is  suddenly 
withdrawn.  The  ignition  of  the  cotton  in  this  experiment 
indicates  a  temperature  of  at  least  570°,  since  it  will  not 
ignite  at  a  lower  temperature  under  these  couditions. 


THERMODYNAMICS 


FUNDAMENTAIi  RELATIONS  OF  HEAT  AND  WORK 

43.  Production  of  Heat  by  Work.— In  Art.  42,  it 
was  shown  that  heat  may  be  produced  mechanically  by  fric- 
tion, percussion,  or  the  compression  of  gases.  In  every 
case  in  which  heat  is  thus  produced  mechanically,  there  is 
work  done.  In  the  case  of  the  journal  and  bearing,  the 
frictional  resistance  at  the  contact  surface  is  overcome  and 
work  is  done  against  this  resistance;  in  compressing  a  gas, 
there  is  work  done  in  moving  the  piston;  when  a  bar  of  iron 
is  heated  by  hammering,  work  is  done  on  the  bar  by  the 
impact  of  the  hammer. 

Furthermore,  the  quantity  of  heat  produced  depends  on 
the  amount  of  work  done.  If  a  journal  is  rough  and  unlubri- 
cated,  the  friction  between  journal  and  bearing  is  greater 
than  when  it  is  smooth  and  lubricated;  as  a  consequence, 
more  work  is  done  in  overcoming  friction  in  a  given  time 
and  it  is  a  matter  of  experience  that  more  heat  is  produced; 
that  is,  the  journal  heats  in  a  shorter  time.  In  compressing 
a  gas,  the  further  the  compression  is  carried  the  more  work 
there  is  done  and  the  more  the  gas  is  heated.  Likewise,  the 
more  work  expended  in  hammering  a  bar  of  iron,  the  hotter 
it  becomes;  that  is,  the  more  heat  there  is  generated.  The 
statements  of  this  paragraph  lead  therefore  to  the  following 
important  principle: 

TTte  performance  of  inecfiankal  work  results  in  tfic  production 
of  fteai^  and  the  qua?itity  of  fieat  t/uis  Produced  depends,  in  some 
way^  on  ike  amount  of  work  done. 
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44.     Pt»rforinancc   oT    Mochnnloal    Work    by    Heat. 

Heat  may  be  produced  by  the  expenditure  of  work,  and,  con- 
versely, work  may  be  produced  by  the  expen- 
diture of  heat.  As  an  example,  let  the  metal 
rod  a^  Fig.  6,  be  heated;  it  will  len^rthen  and 
raise  the  mass  6  a  distance  equal  to  the 
increase  of  length;  here  heat  has  been  ex- 
{lendcd,  and  as  a  result  work  has  been  done 
in  raising  the  block.  The  expansion  of  gases 
furnishes  instances  of  the  production  of  work 
by  heat.  In  Fig.  7,  air  is  confined  in  the  cyl- 
inder a  by  the  piston^.  Let  the  confined  air 
be  heated;   then,  if  its  pressure  remains  the 

same,  which  will  be  the  case  if  the  piston  is  free  to  move,  the 

volume  of  the  confined  air  must  be 

increased,  for  the  temperature  is 

increased  and  the  volume  must  increase 

with  the  absolute  temperature  when  the 

pressure  remains  constant.     But  if  the 

air  expands,  the  piston  must  rise,  and 

consequently  work  is  done.     The  more 

heat  expended,  the  more  the  air  expands 

and  the  more  work  there  is  done. 

Perhajjs  the  most  conclusive  proof  that 

heat  produces  work  is  fumi.shedby  Ilirn's 

experiments  on  the  steam  engine.     Ilim 

measured  the  heat  taken  into  the  engine 

cylin<2er  per  stroke,  from  the  boiler,  and 

the  heat  rejected  per  stroke  to  condenser. 

In  every  case,  the  heat  given  up  to  the 

condenser  was    less  by  a   considerable 

amount  than  thai  received  from  the  boiler, 

proving  that  some  of  the  heat  received 

was  expended  in  the  performance  of  the 

work  required  to  drive  the  engine.  fig  : 


45,     Mcchnnlcnl  Theory  of  Heat. — The  fact  that  he^=a/ 
is  produced   by   the   expenditure  of  work,  and   vice   vers      ^, 
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leads  to  the  conclusion  that  heat  is  simply  a  form  of  energy. 
When  work  is  done  and  reappears  as  heat,  it  has  simply  been 
transformed  into  energry  of  another  form.  To  illustrate  this 
statement,  take  the  case  of  work  done  on  a  gas  in  compres- 
sing it.  If  the  piston,  Fig.  7,  is  pushed  downwards,  the  air 
below  is  heated  and  its  temperature  rises.  Work  has  been 
done  on  tlie  air,  and  as  a  result  heat  has  been  generated. 
Before  the  piston  was  moved,  the  confined  air  had  a  definite 
temperature;  the  molecules  were  vibrating  to  and  fro  with 
aO  average  speed  that  may  be  denoted  by  v,,  and  it  is  the 
continual  striking  of  the  molecules  against  the  piston  that 
gives  rise  to  what  is  called  the  pressure  on  the  containing 
walls  and  piston. 

Let  the  piston  move  downwards  and  compress  the  air. 
The  molecules,  being  now  closer  together,  strike  the  con- 
taining walls  with  greater  frequency,  thus  causing  the 
increased  pressure.  It  is  found  that  the  temperature  is  also 
increased;  this  results  from  the  fact  that  the  molecules  are 
now  moving  with  an  average  speed  z',,  which  is  greater  than 
the  original  speed  f..  According  to  the  principles  of 
mechanics,  a  body  of  weight  G  having  a  speed  v  possesses 
Gv' 


the  kinetic  energy 


2^" 


Considering  the  molecules  of  the 


gas  as  small  bodies,  the  kinetic  energy  of  a  molecule  mov- 


ing with  the  speed  v,  is 


2^ 


when  G  denotes  the  weight  of 


the  molecule.  The  sum  of  the  kinetic  energies  of  all  the 
■molecules  of  the  confined  air  is  tlie  kinetic  energy  of  the 
■weight    of    air.     After   compression,    the    molecules    have 

the  velocity  v„  and  therefore  the  kinetic  energy  is   '^  '  ,  which 

fv  ' 
is  greater  than  the  original  kinetic  energy  ~^  —  >  hence,  the 

total  kinetic  energy  of  the  contained  air  has  been  increased. 
Also,  there  may  be  a  change  in  the  potential  energy  of  the 
air.  but  this  point  will  be  considered  later.  ' 

When  work  is  done  on  a  body,  that  work  is  stored  up  in 
the  body  as  kinetic  energy  and  the  increase  of  energy  is 
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equal  to  the  work  done.  For  example,  the  net  work  done 
in  starting:  a  railway  train  from  rest  and  getting  it  up  to 
speed  is  stored  in  the  train  and  is  given  back  when  the  train 
comes  to  rest.  In  the  same  way,  the  work  done  in  com- 
pressing the  air  is  expended  in  increasing  the  total  energy 
of  the  air;  that  is,  in  making  the  molecules  move  at  a  higher 
rate  of  speed. 

Consider  next  the  reverse  operation.  Suppose  the  air 
under  the  piston  to  be  heated  by  a  flame  while  the  piston 
is  held  stationary.  The  temperature  of  the  air  rises  and  the 
pressure  is  correspondingly  increased.  Now,  remove  the 
flame  and  let  the  piston  be  released  so  that  it  is  free  to 
move.  The  pressure  of  the  confined  air  being  greater  than 
the  pressure  of  the  atmosphere  above  the  piston,  there  is 
a  net  upward  force  that  causes  the  piston  lo  rise.  As  the 
piston  rises,  the  confined  air  expands  and  its  temperature 
falls.  The  fall  of  temperature  indicates  that  the  molecules 
of  the  air  move  with  less  speed,  and  this  in  turn  indicates 
that  the  air  as  it  expands  is  losing  kinetic  energy.  Accord- 
ing  to  the  law  of  conservation  of  energy,  the  energy  thus 
lost  by  the  air  must  reappear  somewhere;  it  cannot  be 
destroyed.  Where  it  reappears  in  this  case  is  easily  seen;  the 
energy  lost  by  the  air  is  precisely  that  required  to  do  the 
work  of  raising  the  piston. 

From  the  foregoing,  it  is  apparent  that  Mr  A€a/  in  a  body 
is  simply  the  stock  of  energy  the  body  possesses;  this  energy  may 
be  kinetic  energy,  due  to  thu  motions  of  the  molecules  com- 
pusiug  the  body,  or  potential  energy,  due  to  the  relative 
positions  of  the  molecules  and  their  distances  from  each 
other;  or  it  may  be  partly  kinetic  and  partly  potential.  To 
heat  a  body  is  to  increase  its  stock  of  energy;  and,  con- 
versely, to  cool  a  body  is  to  decrease  its  stock  of  energy. 


46.  The  Mcchrtulcal  E4|iilvalent  of  Uent. — As  already 
explained,  heat  is  measurable,  and  quantities  of  heat  are 
expressed  in  terms  of  a  unit  called  ihe  Hriiish  thermal  unit. 
Work  and  energy  are  expressed  in  foot-pounds.  Since  heat 
is  merely  a  form  of  energy,  there  should  be  some  numerical 
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relation  between  the  two  units,  that  is,  a  R.  T.  U.  should  be 
equal  to  some  definite  number  of  foot-pounds,  or  the  reverse. 
This  relation  has  been  determined  by  many  experimenters. 
Doctor  Joule,  of  Manchester,  England,  found  as  the  result  of 
many  experiments  that  the  heat  required  to  raise  the  tem- 
perature of  I  pound  of  water  1°  F.  could,  if  expendeti  in 
work,  raise  a  weight  of  772  jKinnds  a  distance  of  1  foot;  that 
is,  1  B.  T.  U.  =  772  foot-pounds.  Later  exptrimenls  of 
Professor  Rowland,  of  Halliniore.  Marylaiu],  show  that  Joule's 
figure  is  too  low,  and  that  778  is  the  correct  value.  This 
number,  778,  is  called  the  mechanical  eqitivalatl  of  heat,  and 
sometimes  Jitule's  equivalent;  it  is  denoted  by  the  letter  J, 


47.     Thu     First     Law     of     Thoriiioilyiiumles. — The 

formal    statement  of   the  relation  between  heat  and  work 
constitutes  the  first  law  of  thermodynamics. 

I^a^v. — Heat  and  mechanical  work  arc  mutually  convertible. 
A  unit  of  heat  requires  for  its  prodttctiouy  or  prodiues  by  its  dis" 
appearance^  J  units  of  work. 

Lei    Q  =  heat  produced  or  given  up,  in  B.  T.  U.; 

W  =  work,  in  foot-pounds,  produced  by  ^or  required 

to  produce  Q\ 
J  f=  Joule's  equivalent. 
Then  the  first  law  of  thermodynamics  is  expressed  by  the 
formula.  /o  =  w.  nr  r>  =  if 


JQ  ^  W,otQ  ^ 


Example  1  .—The  combustion  of  I  pou  nrl  of  cnal  results  in  the  gen- 
eration of  13,700  B.  T.  U.;  if  all  this  Hbhi  coiilil  be  transtoniied  into 
work,  what  horsepower  could  be  obtained  by  the  buminK  f>(  300 
pounds  of  coal  per  hour? 

SoLuno.M.— The  B.  T  U.  liberated  per  raioute  is  W  X  13,700 
—  68,900  Since  1  B.  T.  U.  =  77«  ft. -lb.,  the  work  per  minute  is 
68.500X778  =<  53,2u:i.U00  ft. -lb.  Hence,  since  I  H.  P.  is  equal  to 
33,000  ft.-!b.  per  min.,  the  horsepower  is  53,293.000  ■«- 33,000 
=  I.6I4.9  H.  P.    Ans. 

EXAUPLB  S.— A  journal  4  inches  in  diameter  bears  a  load  of 
10,000  pounds  and  makes  KO  revolutions  per  minute.  The  coefficient 
of  friction  is  .02.    How  much  beat  is  produced  per  hour? 
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Solution.— The  Hctional  resistance  is  10,000  K  .03  -*  200  lb.    A 
point  on  the  circumference  travels  3.1416  X  A  X  80  X  60  —  &.036.5r>  ft. 
per  lir.    The  work  done  against  friction  is,  tliercfore,  H^  »  5,026. •'16  X  200 
B  1,005,312  ft. -lb.,  and  from  the  above  formula  the  heat  produced  is 
^  .  '%  l,0^.3i2  ^  ,^3^_2  3_  ^_  y_ 


y 


778 


Ana. 


48.  Three  Effects  of  Ileal. — When  a  quantity  of  heat 
is  imparted  to  a  body,  it,  in  general,  performs  three  kinds  of 
work: 

1.  The  temperature  of  the  body  is  raised — thai  is,  the 
sensible  heat  is  increased;  in  consequence,  the  molecules  are 
caused  to  move  at  greater  speeds  and  the  kinetic  energy  is 
increased,  The  work  required  to  raise  the  temperature,  or 
what  is  the  same  thing,  to  increase  the  kinetic  energy.  Is 
called  the  vibration  work. 

2.  Usually,  the  heated  body  expands  and,  on  the  whole, 
the  molecules  are  farther  apart  than  they  were  before  the 
body  was  heated.  Since  the  molecules  attract  each  other, 
work  must  be  expended  in  moving  them  farther  from  each 
other.  After  being  thus  separated,  the  molecules,  when 
they  again  approach  each  other,  possess  a  certain  capacity 
for  doing  work;  hence,  the  expanded  body  has  a  certain 
potential  energy  that  is  due  merely  to  the  separation  of  the 
molecules.  The  work  required  thus  to  increase  the  potential 
energy  is  called  the  dlKprreRatlon  work. 

3.  The  body,  in  expanding,  must  overcome  an  extei^al 
pressure  through  some  definite  distance  and  work  is  thus 
done  against  the  external  pressure.  For  example,  the 
expansion  of  the  air  in  the  cylinder  shown  in  Fig.  7  causes 
the  piston  to  rise.  Above  the  piston  is  the  pressure  of  the 
atmosphere,  and  the  piston,  in  rising,  does  work  against 
this  pressure.  To  the  work  expended  in  overcoming  external 
pressure,  the  name  external  ^vork  is  given. 

49,  KquRtlon  of  Kncriry. — According  lo  the  first  law 
of  thermodynamics,  the  heat  absorbed  must  be  precisely 
equal  to  the  total  work  done;  hence,  the  heat,  in  B.  T.  U. 
X  "78  =  vibration  work  -|-  disgrcgation  work  +  e 
work. 


I 
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Let        A'  =  vibration  work,  in  foot-pounds; 

D  =  disgregation  work,  in  foot-pounds; 
W  =  external  worV,  in  foot-pounds; 
Q  =  heat  imparted,  in  R.  T.  U. 

Then,  JQ  =^  /^ -^  D -^  H^  (1) 

A'  is  the  increase  of  the  kinetic  energy  of  the  body  and 
/>  is  the  increase  of  the  potential  energy;  hence,  the  sum 
A'  +  /?  is  the  total  change  of  energy.  If  £",  denotes  the 
energy  p)OSsessed  by  the  body  originally,  and  /T,  the  energy 
after  the  heat  is  imparted,  both  expressed  in  foot-pounds, 
then  K  +  D  =  £",  —  £".,  and,  substituting  in  formula  1, 

JQ  =  E,-E,+  W  (2) 

that  is,  the  heat  imparted  to  a  body  is  equal  toj^ejncrease 
in  the  energy  of  the  budy  plus  the  external  work. 

50.  Formula  1«  Art.  40,  may  now  be  applied  under 
various  circumstances. 

1.  Heaiing  a  Solid  Body. — A  solid  body  expands  but 
little;  the  disgregation  and  external  works  are  therefore 
small  and  may  be  neglected  when  the  vibration  work  is 
being  considered.  When  heating  a  solid,  as  a  piece  of  iron, 
it  is  assumed,  therefore,  that  all  the  heat  is  used  in  raising 
the  temperature. 

2.  MelttTtga  Solid. — During  the  melting  of  a  solid  body, 
there  is  no  change  of  temperature;  hence,  the  vibration 
Work  K  becomes  zero.  Usually,  there  is  little  change  in  the 
Volume  during  the  melting,  and  the  external  work  is  there- 
fore smalt.  Nearly  all  the  heat  is  expended  in  disgregation 
"work,  which  in  this  case  consists  in  changing  from  the  molec- 
ular state  of  a  solid  to  that  of  a  liquid;  that  is,  in  tearing 
the  molecules  from  their  fixed  positions  relative  to  each 
other  in  the  solid  and  giving  them  the  freedom  that  mole- 
cules have  in  the  liquid  state.  If  the  very  small  external 
work  be  neglected,  the  disgregation  work  is  the  equivalent 
of  the  latent  heat  of  fusion  (see  Art.  33). 

3.  Heating  a  Liquid.— h\  heating  a  liquid,  the  conditions 
are  the  same  as  in  the  heating  of  a  solid. 
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4.  Vaporization  of  a  Liquid, — There  is  no  change  of 
temperature  during  vaporization;  therefore,  K  =  0,  and  JQ 
=  D  +  IV.  Since  the  volume  of  the  vapor  is  many  times 
greater  than  that  of  the  liquid,  there  is  considerable  exter- 
nal work,  though  the  larger  part  of  the  heat  Q  in  expended 
in  disgregation  work. 

6.  Heatittg  a  Gas, — In  the  case  of  a  gas,  the  molecule) 
are  so  far  apart,  considenng  their  size,  that  their  attraction 
for  each  other  is  almost  inappreciable,  and  practically  no 
work  is  required  to  separate  them  fartlier;  hence,  the  disgre- 
gation work  is  taken  as  zero,  and  formula  1,  Art.  49,  becomes 
JQ  =  A'+  W 

The  relative  magnitudes  of  A' and  W^ depend  on  the  con- 
ditions under  which  the  gas  is  heated.  Suppose  that  the  air 
in  the  cylinder,  Fig.  7,  is  being  heated.  The  piston  may  be 
held  iu  the  original  position,  in  which  event  the  external 
work  W  is  zero  and  all  the  heat  is  expended  in  raising  the 
temperature.  Or  the  piston  may  be  raised  at  such  a  rate 
thaf  the  decrease  of  temperature  due  to  the  expansion  of  the 
air  jast  offsets  the  increase  due  to  the  heating;  in  this  case, 
the  temperature  remains  constant.  A'  =  0,  and  all  the  heat 
is  expended  in  doing  external  work.  The  work  W  may 
even  be  negative;  thus,  imagine  the  piston  to  be  pushed 
down  while  the  air  is  being  heated  so  that  work  is  done  by 
the  external  pressure  instead  of  against  that  pressure.  As 
work  done  by  the  air  against  the  external  pressure  has  been 
considered  as  positive,  the  work  done  on  the  air  by  the 
external  pressure  must  be  considered  as  negative.  In  this 
case,  therefore,  JQ  ^  fC-  W,  ov  JQ-^  W  =  K.  The 
work  l-V  assists  the  heat  Q  in  doing  the  vibration  work  A' 


51.     Abstraction  of  Iloiit.^ — When  heat  is  abstracted  or 

taken  from  a  body,  the  three  works  A'.  D,  and    IV  are,  in 
general,  negative  and  ihe  e(iualion  of  energy  takes  the  form 

-y(?=  (-A'}  +  {-z;)  +  (-M'0 

or  -JQ  =  -A'-D-lt^ 

The  negative  signs  indicate,  respectively,  that  the  heat  is 
abstracted  instead  of  added,  that  the  temperature  falls,  that 
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the  molecules  approach  each  other,  and  that  the  body  thus 
gives  up  potential  energy,  and  that  work  is  done  by  the. 
external  pressure  on  the  body  as  the  latter  contracts. 

Under  special  conditions,  one  of  the  quantities  may  be 
positive.  Take,  for  example,  the  case  of  freezing  water;  the 
temperature  remains  constant;  hence,  JC  ^  0,  and,  as  is  well 
known,  water  in  freezing  expands  and  the  work  IV  is  there- 
fore positive.  The  energy  equation  for  this  case  is  there- 
fore 

~JQ=  -/?+  W 

As  another  example,  suppose  that  the  piston  in  Fig.  7 
is  pushed  downwards,  so  as  to  compress  the  air  confined 
below  it,  and  suppose  further  that  the  lower  part  of  the  cyl- 
inder is  surrounded  by  a  stream  of  cold  water,  which 
abstracts  heat  from  the  air.  If  the  air  is  compressed  very 
slowly,  its  temperature  will  fall  and  K  will  he  negative;  but 
if  the  air  is  compressed  quickly,  the  temperature  will  rise» 
notwithstanding  the  abstraction  of  heat  by  the  cold  water, 
and  K  will  therefore  be  positive.  In  the  latter  case, 
^JQ  =  K~  W 

A  thorough  understanding  of  formula  1,  Art.  49,  the 
energy  equation,  is  very  necessary  as  a  preparation  for  the 
work  that  is  to  follow.  Arts.  49,  50,  and  51  should  be 
thoroughly  studied,  and  the  nature  of  the  processes  described 
completely  understood. 


THERMODYNAMICS    OF   GASES 


FrNUAMKNTAI^   HKI^ATIOXS  OF  13A8KS 


tienerHl  Kquatlon  or  Clasc'N. — As  explaineU  in 
^MittUs,  the  relation  between  the  pressure,  volume,  and 
*<iTature  of  1  pound  of  a  gas  is  expressed  by  the  equation 

fcir  a  weight  of  G  pounds, 

PV  =  GRT 
kiich  p  =  absohite  pressure,  in  pounds  per  square  inch; 

V  =  volume,  in  cubic  feet; 

^  =  a  constant; 

T  =  absolute  temperature; 

G  =  weight,  in  pounds. 
fc   the  formulas  given  in  the  followine:  pages,  it  is  con- 
icrrt   to   express  pressures   In  pounds  per  square  foot, 
er  than  in  pounds  per  square  inch.     Therefore,  let  /'equal 
asurein  pounds  per  square  foot.    Then  P  —  144  j^,  and 

/'f-  144/ r=  144  J?  r 
*or  air,  7?  was  given,  in  PneumaiicSt  as  .37;  hence,  144/? 
144  X  .a"  =  58.28,  and 

P  r  =  .^3.2S  T 
rhe  symbol  P  may  also  be  used  to  denote  53.28,  with  the 
lerstanding  that  the  pressure  is  to  be  taken  in  pounds  per 
tare  foot. 
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The  other  form  of  the  general  equation,  given   in   Pnrw 
will  frequently  be  used  in  this  and  sue- 


maiics^  —~- 


T, 


ceeding  Sections. 

2.  8|ieolfic  HoRtH  of  a  CiiiH. — From  the  definition  in 
//«;/,  Part  1,  the  specific  heal  of  a  gas  is  numerically  equal 
to  the  (nu)tient  obtained  by  dividing  the  British  thermal  units 
(B.  T.  U.)  imparted  to  a  pound  of  gas  by  the  rise  in  tem- 
perature; that  is,  if  Q  is  the  B.  T.  U.  imparted;  f,  specific 
heat;  and  /.  and  /„  the  initial  and  final  temperatures,  respect- 
ively; then 

For  gases,  JQ  =  A'+  JK(see  //fa/,  Part  I);  hence, 

in  which   Q  =  heat  in  B.  T.  U.; 

/C  —  vibration  work,  in  foot-pounds; 
It^  =  external  work,  in  foot-pounds; 
/.  and  /.  ^  initial    and    final    tempcratureSi   in   degre^^ 
Fahrenheit; 
J  =  mechanical  equivalent  of  heat,  or  778  foe 
pounds  per  B.  T.  U. 
The  specific  heat  of  a  gas  may  have  any  value,  dependia 

on  the  conditions  under  which  ths  heat        ''* 
imparted:  for,  as  has  been  shown,  in  //c— ^'• 
Part  1,  A'  and  IT  may  be  varied  at  plcasu"^^^' 
cither  may  be  made  negative;  andforagi^^^jL 
rise  in  temperature  the  sum  A'  -h  K'may        ^| 
made  small  or  large. 
;   -  There  are  two  specific  heats  of  spe 

^  importance:  that  aicflft siart//>ressnrr  ADt}L 

II  f  at  ronstnnt  volume.     Suppose  that  the  ^ 

j,.  inder  showm  ai  a.  Fig.  1,  contains  air. 

that  the  piston  ft  is  free  to  move.     The  ^  tc^ 
Fni.  1  g„yg  nf  (jip  confined  air  is  due  only  to       the 

weight  of  the  piston  and  (o  the  pressure  of  the  nlmospher~«  on 
the  piston,  and  evidently  this  pressure  is  the  same  fov  aU 
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positions  of  the  piston.  As  heat,  is  added  to  the  air,  the 
expansion  causes  the  piston  to  rise  to  some  higher  position, 
as  that  shown  by  the  cjotted  lines,  and  external  work  is  done. 
The  amount  of  this  external  work  maj*  now  be  calculated. 
Suppose  the  weight  of  the  confined  air  to  be  1  pound,  and 
let  I',  denote  the  volume  before  heating  and  /*,  the  volume 
after  heating.  The  constant  pressure  is  P  pounds  per  square 
foot.  If  ./  is  the  area  in  square  feet,  PrI  is  the  total  pres- 
sure of  the  piston  on  the  air;  and  if  //  is  the  distance  the  piston 
rises,  in  feet,  the  external  work  done  is 

IV  •■  /*W  /t  foot-pounds 

But  .7//  is  the  volume  swept  through  by  the  piston  and 
is,  therefore,  the  increase  in  the  volume  of  the  air;  hence, 

^  A  =   P\~  K. 
and  IV  =  /*(/',-  r,)  (1) 

From  the  general  equation,  then, 
Pl\  =  RT, 
and  P  V,  =  RT, 

where  7",  and  Tt  denote,  respectively,  the  initial  and  final 
absolute  temperatures.  Sublractinj;  the  first  from  the  second, 
Pr,-Pl\  =  Rr.~RT„  or  Pii\-  /-,)  =>  R{T,-  T,) 
which  is  also  equal  to  W\  that  is,  the  work  done  by  1  pound 
■of  air  when  heated  at  constant  pressure  is  R  times  the  rise  in 
temperature. 

Let  c,  denote  the  specific  heat  at  constant  presstire;  then. 


K 


R 


(2) 


,  —  A  being  the  rise  in  temperature. 

For  the  derivation  of  formula  2,  see  Appendix  I  at  the 
«nd  of  this  Section.  Values  of  c,  for  various  gases  are  given 
in  Heat,  Part  1. 

Suppose  that  the  piston  in  Fig.  1  is  held  in  one  position, 
so  that  the  air  cannot  expand,  but  must  retain  the  same  vol- 
ume, and  that  heat  is  added.  Under  this  condition,  there  is 
no  external  work  done,  that  is,  W  =  0.  Let  the  specific  heat 
at  constant  volume  be  denoted  by  o;  then, 

A' -I-  rr  A' 


c»  = 


JU,-o    ju:-t.) 


(3) 
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3.  Kolntlon  Bptwoen  Specific  Ileats  «t  Coiismnt 
PrcHsure  and  Coustant  Volume— Comparing;  the  expres- 
sions for  f,  and  r^  in  Art.  2,  it  appears  that  (,  is  the  larger. 
That  this  must  be  the  case  is  endent.  for  in  heating  at  con- 
stant pressure  pari  of  the  heat  is  used  in  doing  external 
work,  and  therefore  more  heat  is  required  for  the  same  rise 
in  temperature. 

For  a  given  rise  in  temperature  (/,  —  /,),  the  change  of 
energy  A",  which  depends  only  on  the  change  of  temperature, 

K 


has  a  definite  value;  hence, 


-,  in  formula  3,  Art.. 2. 


JKu-uV 

is  the  same  as  in  formula  2,  and  subtracting  formula  3  from 
formula  2, 

For   air,    Reguault   found  the   value  of  c,  lo  be   .23751; 

hence,  .23751  -  r.  =  ^;^,  and 

778 

r   -   Q^T'^i      53.28  _  .23761  X  778  -  53.28  _    ,oqn„ 
r.  -  .23.51  -   ^^^    -  — ^^g -  .16902 

The  ratio  ^^  is  frequently  used,  and  is  denoted  by  k. 

For  air,  k  =  "^^^  =  1.4052,  say  1.405.    The  constant  k 

has  been  determined  experimentally.    The  value  thus  found 
agrees  closely  with  the  value  given  above. 


4.  Chancre  of  Knerpry  of  h  Gas. — From  Heat,  Part  1. 
the  change  of  energy  in  the  gas,  sometimes  called  the  change 
of  Inti'lnBlc  <'nf  rpy,  is,  in  general, 

E.-J'\  ^  K+  n 

in  which  Ex  and  A,  =  initial  and  final  energies  of  the  gas,  in 

foot-pounds; 
K  =  vibration  work,  in  foot-pounds; 
D  =  disgregation  work,  in  foot-ponnds. 
For  a  gas,  however,  the  disgregation  work  is  practically^ 
zero, and 

iT.  -  /T.  =  A' 
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But»  from  formula  3,  Art.  2,  K  =  Jc^  (/,  —  /,)  for  1  pound 
of  a:as;  hence,  for  G  pounds, 

E.-E.=^J<.G{L-t.)  =Jc.G{T,-  r^  (1) 

Experiments  have  shown  that  when  a  ^as  expands  without 
doing  external  work,  the  temperature  remains  practically 
unchanged.  To  he  exact,  there  is  a  very  slight  change  of 
temperature,  owing  to  the  small  amount  of  heat  required  to 
do  the  disgregation  work;  but  for  a  gas,  as  already  stated, 
the  disgregatioa  work  may  be  neglected. 

Example  I.— Six  pounds  of  air  is  heated  nt  coastact  volume  from 
00°  P.  to  SS'*  P. ;  what  is  the  iacrease  of  energy^ 

Solution.—  E^~  Et  =  778  X  .ltf«)2  X  6  X  (83  -  60)  =  18,147 
(t.-lb.,  nearly.     Ans. 

A  second  formula  for  the  change  of  energy  is 


E.-E,= 


(2) 


If  the  pressures  are  expressed  in  pounds  per  square  inch, 
Z-.-^,  =   '"'^-^^^^^  (3) 

For  derivation  of  formula  2,  see  Appendix  IT.  In  most 
cases,  formula  2  is  more  convenient  than  formula  1,  as  the 
weight  of  the  air  need  not  be  known. 

EXAUPLB  2.— Air  confiDed  in  a  cylinder  bas  a  volume  of  15  cubic 
feet  and  a  pressure  of  HO  pounds  per  square  inch,  absolute;  the  air  it; 
heated  acd  expands  to  a  volume  of  2'1  cubic  feet,  aad  the  pressure  is 
55  pounds  per  square  inch.     What  is  the  change  of  energy  of  tbe  air? 

144(66  X  22  -  60  X  15) 


Solution. —    jE,  —  £",  = 


1.406  -  1 


=   110,222  ft.-lb. 
Ans. 


KXPANSION   OP  GASES 

5-  A  gas  may  pass  from  one  state  to  another  in  a  number 
of  ways;  in  practice,  however,  the  expansion  of  a  gas  takes 
pilace  according  to  one  of  a  few  well-defined  laws.  The  most 
common  forms  o£  expansion  are  the  following: 

1.  Expansion  ai  constant  pressure. 

2,  Isothermal  expansion,  during   which    the    temperature 
lemains  constant. 

173—18  -  _ 
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3.  Adiabaiic  expansion,  in  which  the  gas  expands  without 
receiving  heat  from  or  giving  up  heat  to  any  external  body. 

4.  Kv^afishn  according  to  the  laxv  P  l'"  =  c  =  a  constant;  in 
which  the  gas  expands  in  such  a  way  that  the  pressure  always 
varies  inversely  as  the  «th  power  of  the  volarae. 

In  connection  with  the  expansion  of  a  gas  from  some 
initial  state  to  a  second  Htate,  according  to  any  given  law,  it  is 
desired  to  know  the  following:  ( 1)  The  external  work  done; 
{2)  the  change  of  energy  in  the  gas;  (3)  the  beat  added  to  or 
abstracted  from  the  gas;  (4)  the  relations  between  pressure 
and  volume,  pressure  and  temperature,  and  volume  and 
temperature,  respectively. 

It  is  desirable  to  take  up,  in  order,  the  four  expansions 
just  noted  and  derive  expressions  for  external  work,  heat 
added,  etc.  The  derivation  of  some  of  the  formulas  cannot 
be  accomplished  except  by  Uie  use  of  higher  mathematics; 
in  these  cases  the  formulas  must  be  taken  for  granted. 


EXPANSION    AT    CONSTANT    PHKSSUKE 

6.     The  expansion  of  a  gas  when  the  pressure  remains 

const.int  may  be  represented,  graphically,  in  the  way  shown 

y  in    Fig.    2.     From    any 

J  J  point  O,  the  line  OPii  , 

j~    '~^  ^  drawn  vertically  and  the 

line  O  t*  horizontally. 
From  O,  a  length  OA, 
is  laid  off  to  represeoi. 
to  some  scale,  the  initial 
"        fr  volume  of  the  gas,  anti 
P'ti  ''  frnm  .-/,  the  line -4,-*^  is 

drawn  parallel  to  OP,  and  of  such  a  length  as  to  represent' 
to  some  scale,  the  initial  pressure  of  the  gas.  The  point  -^ 
IS  said  to  represent  the  initial  state  of  the  gas,  as  regarc:^* 
pressure  and  volume;  its  distance  from  OP  represents  ikne 
volume  and  its  distance  from  O  f  represents  the  pressut"^- 
As  the  gas  changes  its  state,  the  point  representing  the  st^»-** 
must  move;  thus,  if  the  volume  increases,  it  must  move  avir^ay 


^i 


B, 
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from  OP  so  that  its  perpendicular  distance  from  OP 
coniinually  represents  the  volume;  while,  if  the  pressure 
increases,  it  must  move  away  from  O  l\  and  vice  versa. 

In  the  case  under  consideration,  the  volume  increases  but 
the  pressure  remains  the  same;  hence,  the  point  must  move 
away  from  O P^  but  it  must  remain  at  the  same  distance 
from  O  V\  that  is,  it  must  move  along  AB  parallel  to  O  /'. 
The  point  B  is  located  by  making  OB^  equal  to  the  final 
volume,  and  drawing  B^  B  perpendicular  to  O  V. 

As  shown  by  formula  1,  Art.  2,  the  external  work  is  the 
product  of  the  pressure  and  the  increase  in  volume;  that  is, 

W=  PKW-  K.)  (1) 

in  which  K,  =  initial  volume; 

Vt  —  final  volume. 

In  Fig.  2,  the  width  At  B,  represents  the  increase  of  vol- 
ume. l'\—  /'..  and  the  height  At  A  =  B^B,  the  constant 
pressure  P,  hence  the  area  of  the  rectangle  A^A  B  B^  repre- 
sents the  external  work. 

The  change  of  energy  is  given  by  either  formula  1  or 
formula  2,  Art.  4,  These  formulas  are  of  general  applica- 
tion and  hold  good  for  all  expansions  or  changes  of  state  of 
a  perfect  gas. 

The  heat  added  per  pound  of  gas  during  the  expansion  is 
evidently  the  product  of  the  speciHc  heat  and  the  rise  in  tem- 
perature, that  is,  €,{Tt~-  7",).     For  G  pounds, 

Q=  GcAT,-T^  (2) 

Another  expression  for  the  heat  added  is  as  follows: 


JQ  =  E.-E.^W  = 


(/>r.  _/>F.) 


(3) 


k~  1 

This  equation  has  the  advantage  that  the  weight  G  need 
t5ot  be  known;  for  its  derivation,  see  Appendix  III. 

To  obtain  the  relation  between   the  volume  and  tlie  tem- 


perature, the  general  equation 


':-'-'   =  -]^\    from    Pneu- 


-maiicSy  is  used.  Since  /*,  «  /*,  (the  pressure  being  con- 
stant),  ~  =  :~;  that  is»  the  volume  varies  directly  as  the 
absolute  temperature. 
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^^^^f          EXAMPLR.— Air  havioK  a  volume  of  5  cubic   feet,   a  pressure  of      H 
^            BO  pounds  per  square  inch,  absolute,  and  a  temperature  of  40*  P.,       H 

^^m             expands  ut  coui^tant  pressure  until  the  volume  i&ti  cubic  (eet.    Cutxipute:       ^M 
^H              (d)  the  Tinal  temperature;    (A)  the  extcmal  work;  {c)  th«  change  io       H 
^^1               CDcrgy;    {</)  the  hoHt  imparted  during  tile  cxpanKion.                                       ^M 
^H^            Soi.imoN.-(ii)   r,  =  460  +  40  «  MO,  i',  -  5,  and  K  -  8,                   fl 

^H           y.-  y..  hence  ^-^^.  or  7;--^---WX).  and/. -800         J 

^^^H                                                      -  4(30  =  340''                                                                 ^^H 
^^^B           [d)     P  ^  lUp  =  Hi  X  IK)  =>  8,(M0  lb.  per  sq.  ft.                                 ^^H 
^^^1                   /r  =  /^(K,  -  /'.)  »  8,tH0  X  18  -  5)  =  2fl,930  ft.-!b.     Ans.                 V 
^^^^H           (f]     By  formula  2,  Art.  4,  and  remembering  tbat  A  *  /*■.  /T.  -  £».    H 
^H                 /"(r.-r.)      8.B40x(8-5)      ..._ .                                       ■ 

^H 

k~l                 1.-I06- 
By  formula  3»  J  Q  = 

»  m.\rJQ  ft.-Ib..and  Q 

E,  -£t  +  W  =  64,000  +  25.M0          ^^B 
=  *®J^  =  115.58  B.  T.  U.    Ans.         ^fl 

^^^^    temp 
■ 

ISOTHERMAL    E3CPAX8ION                                           ^^H 

In  Isothermal  cxiHinHlonf  gas  expands  at  constaKT^lH 

p  y      p  \ — ^fl 

erature;  then,  in  the  general  formula      '  ■    '  =  —hz.- fl 

n 

T„  and  in  consequence  P,  ]\  =  P,  l\',  that  is,  the  g— ^'^ 

JP         >4                                                                     in    t*-vnanr\\no   ir\\\i\\m  ^'S 

I 

Boyle's  law  (see  Pn^^" 
ma/ics).     The  graphr-=3^ 
representation  of   th=3H 
expansion  is  shown         H 
Fig.  3.     As  the  exp^^^ 
sion   progresses,    l— *^ 
volume  of  the  gas          ifl 

*         creases  and  the  pi ^B 

sure  falls;  hence,  st^^^I'fl 

■ 

\ 

\ 

— 

^ 

^ 

{ 

\ 

c 

\ 

n 

S 

K 

r 

K 

^ 

1 

1 





— 1 

^^^H 

^^^H 

— 

-*# 

B| 

"i 

D. 

A 

'i 

o, 

ir, 

^V           volume,  as  in  Fig.  2,  the 
^H           the  volume  increases,  an 
^H           decreases.     As  explained 
^H           must  be  such  that  the  pro 

i       to           •"'•  ** ,.JM 

which  represents         tltff^ 

initial   pressure  ^^od 

moving  point  recedes  from  OF^^^* 

d  approaches  O  V  as  the  presss-  ur*  ^ 

in  Pneumaiks,  the  curve  traveK~^«^  V 

duct  of  the  perpendicular  distaxacw 
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of  any  point  from  O  P  and  O  V  is  the  same  as  the  corre- 
sponding product  for  any  other  point.  Hence,  as  the  volume 
and  pressure  are  known  for  any  state,  the  pressure  may  be 
found  for  any  assumed  volume  or  the  volume  for  any  pres- 
sure. This  enables  one  to  plot  the  curve  by  finding  points 
that  indicate  the  different  pressures  and  volumes. 

8.     Equilateral  Hyperbola. — The  curve  shown  in  Fig.  3 
is  called  the  Isotliermul  expanslou  curve,  or  the  oxiiun- 


h^ 


L 


Pk;.  i 


slou  curve  of  cotistaiit  tonipornturo.  It  is  known  in 
mathematics  as  the  equllatcrul  hyperbola,  and,  hence, 
when  used  on  indicator  diagrams,  is  sometimes  called  the 
byi>erl»olIc  cxjMinsloii  <*urve.  If  the  initial  volume, 
pressure,  and  final  volume  are  knawn,  the  curve  may  be  con-* 
structed  graphically  without  calculating  the  different  points, 
as  was  done  in  Fig.  3.  Thus,  in  Fig.  A,  let  OY  and  OX 
be  two  lines  at  right  angles  to  each  other.     These  lines  are 
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known  in  mathematics  as  the  roordlnate  axes,  the  line  0  Y 
being  called  the  axis  of  ordliiates,  or  axlis  of  Y,  and  the 
line  OX,  the  axis  of  nli>iicl«naH,  or  axis  of  X.     Let  OA 

represent  the  absolute  initial  pressure  and  OB  the  initial 
volume.  Through  A  draw  the  indefinite  straight  line -^  J/ 
parallel  to  the  axis  OX,  and  through  B  draw  the  indefiailc 
straitrht  line  /?/^  parallel  to  the  axis  O  V.  The  point  C 
where  these  two  lines  meet,  is  the  point  where  the  expansion 
is  to  begin;  consequently,  it  is  on^  point  on  the  curve. 
Through  the  point  O,  called  the  origin,  which  is  the  point 
of  no  volume  and  no  pressure,  draw  a  number  of  lines,  Of, 
ODy  ON,  OAf,  etc..  cutting  /?/•' at  /•-,  1,  5,  etc.,  and  .-/J/ 
at  4,  /?,  N,  etc.  Through  the  points  F,  ],  5,  etc.  draw  lines 
parallel  to  the  axis  OX,  and  through  •/,  />,  N,  etc.  draw 
lines  parallel  to  the  axis  O  V,  These  lines  intersect  in  the 
points  5.  2,  0,  etc.,  which  are  points  on  the  required  isother- 
mal expansion  line.  To  prove  this,  lay  off  /i  H  equal  to  OB, 
and  draw  H  K  parallel  to  the  axis  O  >',  intersecting  the 
curve  in  K.  Now,  if  K  is  a  point  on  the  isothermal  expan- 
sion line,  H K  must  be  equal  in  length  to  one-half  of  OA, 
since,  when  the  volume  is  twice  as  great,  the  pressure  is  only 
half  as  great.  Similarly,  if  HL  =  BH  =  OB,  L  6  must  be 
one-third  as  long  as  OA.  By  measurement,  this  will  be  fonnd 
to  be  the  case.  This  curve  and  this  method  of  constructine 
it  are  much  used  in  "working  up"  indicator  diagrams. 


9.  ExtiTiiul  Work. — The  external  work  done  during 
the  isothermal  expansion  is  represented  by  the  area  .4  Ai  A\  k^ 
Pig.  3,  under  the  curve  A  /i.  The  following  formula,  whit^ 
is  developed  by  the  use  of  higher  mathematics,  represen^^ 
the  work  done  during  this  isothermal  expansion: 


sv=  P.  V,  log,  |; 


(l> 


in  which  F,  and  l\  are  the  initial  and  final  volumes,  Ais  tlr^ 
initial  pressure  in  pounds  per  square  foot,  and  log,  denot^^ 
the  hyperbolic  hjiarithm.  The  hyperbolic  logarithm  difffc  "•" 
from  the  common  logarithm,  in  that  the  base  2.71S28  — • 
is  used  instead  of  10.     It  is  apparent,  therefore,   that  t^*^ 
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losariLhms  of  the  same  number  in  these  two  systems  must 
have  a  definite  relation  to  each  other.  This  relation  is 
expressed  by  the  factor  2.3026,  by  which  the  common 
logarithm,  explained  in  i.ogarUhms,  must  be  multiplied  to 
obtain  the  hyperbolic  logarithm.  For  work  not  requiring 
great  accuracy,  the  factor  2.3  is  often  used.  In  formulas  con- 
taining a  logarithm  derived  by  means  of  the  higher  mathe- 
matics, the  hyperbolic  logarithm  is  generally  used.  When  it 
is  desired  to  use  the  common  logarithm,  therefore,  2.H02Ci  log 
must  be  substituted  for  log,.     Formula  1  is  then,  written 


W=  2.3026  A  \\  log  |y 


(2) 


In  the  following  formulas,  the  common  logarithm  will  be 
used.  When  the  hyperbolic  logarithm  is  used,  it  is  always 
indicated  by  the  subscript  £*,  as  shown  in  formula  1. 

Example  1. — Find,  by  the  exact  method,  formula  2,  the  external 
work  doae  in  the  expansion  represenled  in  Pig.  3.  * 

Soi.(moN.—    A  =  144  ;>,  =  U4  X  -^O  =  7,200;  l\  =  2,  I',  =  10,  and 

W  «  a.3028  X  7,200  X  2  X  log  fi  ^  2.30'2<J  X  7,200  X  2  X  .80807 
=  23,170  ft.-lb.    Ans. 


Since   A  K.  =  P,  K, 
written  in  the  form 


F.    p: 


and   formula   2   may  be 


fr=  2.3026  A  r,  log^ 


(3) 


ExAMpLB  2. — Air  having  an  absolute  pressure  of  44  pounds  per 
square  inch  and  a  volume  of  3. 7o  cubic  feet  expands  isotbermally  until 
the  pressure  reaehett  that  of  the  atmosphere,  14.7  pounds  per  square 
inch;  what  is  the  external  work? 


Solution.—   ir  =  2.302rt  X  44  X  144  X  3.75  X  be  ,4*^. 


Id  the  quo- 

''ont  TT,  pressures  in  pounds  per  square  inch  may  be  used  for  -s 

-14 

To  obtain  log;       ;;,  it  is  raost  convenient  to  take  the 


144/.  ^  p 
144^,  "^  P 

logarithms  of  the  numerator  and  denominator  separately;  thus, 
44 


log 


14.7 


log  44  -  log  14.7  «  l.fMS4fi  -  1.16732  »  .47613, 


^Dd  W  -  2.3026  X  44  X  144  X  3.75  X  .47613  -  2C.OI9  £t.-lb.    Ans. 
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10.  Chanp;e  of  Kn^rjifj-  inid  Ilcat  Imparted. — During 
isothermal  expansion,  there  is  no  change  in  the  energy  of  the 
gas;  for,  from  formula  1,  Art.  4,  E,  —  Et  =  Jc^  O  (/,  —  /,); 
and  as  the  temperature  remains  the  same,  t,  —  /,  =  0, 
and  /:,  -  /f.  =  0. 

The  heat  adtled  during  the  expansion  is  obtained  by  the 
general  formula  in  /f^a/,  Part  1;  or,  JQ  =  {£,  —  Jz^)  +  W 
=  0  +  ly  =  W;  that  is  to  say,  the  heat  imparied  to  the  gas  is 
equivalent  to  the  external  work.  That  this  must  be  true  is 
also  evident  from  the  general  principles  stated  in  Heat, 
Part  1.  Of  all  the  heat  supplied  to  the  gas,  there  is  none 
needed  for  vibration  work,  because  there  is  no  rise  in  tem- 
perature; none  is  needed  for  disgregaiion  work,  because  the 
substance  is  a  gas;  therefore,  the  whole  must  be  expended 
in  the  performance  of  external  work. 

ExAMi-LK.— Id   example  2  uf  Art.  O,   what   amount   of    heat  is 
imparted  lo  the  gas  during  the  expansion? 
Solution.—    JQ  =  W  =  2w.(M9  ft. -lb. 


Ads. 


AIIIABATIC     EXPAXRION 

11.  Suppose  a  quantity  of  gas  to  be  confined  in  the 
cylinder.  Fig.  I,  and  that  its  pressure  is  greater  than  the 
atmospheric  pressure  on  the  upper  side  of  the  piston;  and 
suppose  further  that  the  cylinder  and  piston  are  made  of 
some  non-conducting  material,  so  that  no  heal  can  be 
imparted  to  or  can  escape  from  the  contained  gas.  fiecause 
the  upward  pressure  against  the  piston  is  greater  than  the 
downward  pressure,  the  piston  will  rise,  the  gas  will  expand, 
and  in  so  doing  will  perform  external  work.  An  expansion 
of  this  kind,  in  which  the  gas  neither  receives  heat  from  nor 
gives  up  heat  to  an  external  body,  but  does  external  work, 
is  called  an  iidluhtitUr  (•xptLii!*^Ion. 

12.  CUaitK*^'  of  Kut'i'K.v  and  Work  iVrforinoil. — Let 

the    general    cguatiuti    of    energy,    J {>  =  Ii~  —  /:',-(-  W,    be 
applied  to  the  ca&c  of  an  adiabatic  expansion.     As  no  heat 
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is  imparted  to  or  abstracted  from  the  gas,  ^  =  0;  hence, 
0  =  £*,-£.+  W.  or  IV  =-{£,- E,) --  £,  -  S, 

This  expression  shows  that  during  an  adiabatic  expansion  the 
energy  decreases  from  an  initial  value  /ti  to  a  final  value  £",,  and 
that  the  external  work  done  is  equal  to  this  decrease  of  energy. 

Using  the  expressions  for  JI,  —  E^  given  in  formulas  1 
and  2,  Art.  4, 

w^=  -/.t.cCt;-  7;)==  yr,c{n-  r.)        (i) 


and 


W  ^- 


P,  V,  -  p.  V.      p.  K  -  P,  K 


(2) 


*- 1  *-l 

Since  the  gas  gives  up  energy  while  expanding,  it  follows 
that  its  temperature  falls  as  the  expansion  progresses  and 
that  7*.  is  greater  than  7",. 

EXAMrLS. — A  mass  of  cooBned  air  weighing  -^4  pound  and  having  a 
temperature  of  100"  F.  expands  adiabalically  until  the  temperature  drops 
to30°P.     (o)  Whatistlieexternal  work?     {6}  What  i:;  ttie  loss  nf  energy? 

Solution.—    r.  -  r,  =  /,-/,=  100  -  30  =  70.    Using  formula  1, 
(a)  ty  =  77B  X  .16002  X    84  X  70  =  7.732.1  ft.-lb.     Ans. 

(A)  £■,-£:,=   H'  =  7.732.1  ft.-lb.     Aiw, 

13.  Relation  Between  Pressure  uud  Volume. — Sup- 
pose that  there  are  two  cyl-  p 
inders,  each  containing  1  pound 
o£  air  under  the  same  conditions 
as  regards  pressure,  volume,  and 
temperature.  The  state  of  the 
gas  as  regards  pressure  and 
volume  is  indicated  by  the 
point  --/,  Fig.  5;  OA,  represents 
the  initial  volume  Vi,  and  W,  /4 
the  initial  pressure. 

Let  the  gas  in  one  of  the 
cylinders  expand  isothermally. 
The  expansion  then  follows  the  law  P,  f\  =  P,  l\  =  A  W, 
etc..  and  the  final  pressure  Af,  M  is  obtained  from  the  gen- 
eral equation  P.  l\  ^  R  T,  =  R  7",,  since  7*.  =  7",;  hence. 


J^rt 


■4^:? 


:^J 


-5* 


K 


Kir.,  fl 


P. 


—--,—'.     Let  the  gas  in  the  other  cylinder  expand  adia- 
♦  * 

batically  from  the  initial  volume  ('  to  the  final  volume  V^ 
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The  final  temperature  7*,  is  less  than  the  initial  T,;  (herefore, 

J^T. 


the  final  pressure  AfxN,  which  is  P,  - 


than  the  final  pressure.  /*,  = 


/^T, 
K  • 


l'\ 


must  be  l^ss 


attained  in  the  isotherm^ 


expansiun.  Starting  from  the  same  point  W,  the  cum 
representing  adiabatic  expansion  therefore  lies  wholly  below 
that  representing  isothermal  expansion. 

For  the  isothermal  expansion,  llie  pressure  varies  inversely 
as  the  volume.  For  the  adiabatic  expansion,  a  different  law 
is  followed;  the  pressure  varies  inversely  as  some  power  of 
the  volume.     It  can  be  shown  by  higher  mathematics  that  the 

power  is  *  —  *^',  which,  by  Art,  3,  is  equal  to  1.405  for  a 
perfect  gas. 

K* :  K* 


Then, 
and 


or 


p, 
P. 


(1) 
(2) 


■  ^^''^ 

As  Q  =^  ^',  formula  2  may  be  written  [^M    «  ^,  whence 

^:  =  if)' .    i«)  '" 

r.  =  K  0       (4) 

These  formulas  may  be  used  to  compute  the  final  pressure 
or  volume,  as  illustrated  by  the  following  examples: 

Example  1. — A  nia-ss  tjf  coutined  air  having  ii  volume  of  20  cubic 
feet  and  a  jiresAure  of  HO  pounds  per  square  incii.  absolute,  expant^* 
adiabatifally  until  the  pressure  has  fallen  toSS  pounds  per  square  inch, 
absolute,  [a)  What  is  the  final  volume?  (d)  Calculate  the  exteru^ 
work  doue. 

Solution.— (a)   From   formula  4,    T.  =   T.  /^)  •  =  K  i^)^*^' 

The  calculation  evidently  must  be  made  with  the  aid  of  lojjarithir* ^■ 

Then,       log  i;  -  log  [t.  (^;)  '  «»]  =  loff  K  +  \o!C  (jj;)  "^ 

l.ttTiOH-  1.. 17978 


1.30t(W-f 


1.4U& 


1.63114 
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The  number  whose  logarithm  is  1.53114  is  33.97;  therefore,  K, 
=  33.97  cu.  ft.    Ans. 

(d)     Using  formula  2,  Art.  12, 

W  =  114(80><^_:38X  33^)  ^  ^^  .„      ^„, 

1.4U0  —  I 

Example.  2— If  the  air  in  example  I  expands  until  the  final  volume 
is  60  cubic  feet,  what  is  the  final  pres.sure? 

Solution. — By  formula  2,  ^  =  \-p)   ,  from  which/,  =  p^  \-p) 

/20\'** 
"  ^  leoj        '     ^^'°S  logarithms, 

log  p,  =  log  80  +  1.405  (log  20  -  log  60) 

=  1.90309  +  1.405  (1.30103  -  1.77815)  =  1.23274. 
Hence,  p,  =■  17.1  lb.  per  sq.  in.,  nearly.     Ans. 

14.  Relation  Between  Volume  and  Temperature. 

The  general  equation,  — ~^  =  —^  (see  Pneumatics),  holds 

good  for  all  expansions  and  changes  of  state.     Clearing  it 
of  fractions, 

P,V,T.  =P,V,T.  (1) 

But  P.  K*  =  P,V,'  (2) 

in  the  case  of  adiabatic  expansion.    Dividing  the  second  equa- 

tion  by  the  first,  -^-  =  -f^^,  or  ^\~-~  =  ^-r- 

Example. — Air  at  a  temperature  of  120°  F.  expands  adiabatically 
from  a  volume  of  20  cubic  feet  to  a  volume  of  30  cubic  feet;  what  is 
the  temperature  at  the  end  of  the  expansion? 

-^\      .    7",  =  460+120=580, 

v)       "  (S)       •     '^*^*"'  ^'  "  ^**  W       ■      ^'''"^  logarithms, 
log  r,  =  log  580  +  .4a5(log  20  -  log  30) 
=  2.76343 +  .4aT(1.3O103  -  1.47712)=  2.69211. 
r,  =  492.17°  and  /,  =  492.17  -  460  =  32.17''  F.     Ans. 

15.  Relation  Between  Pressure  and  Temperature. 
^s  in  Art,  14, 

p,  F,  t;  =  P,  l\T,  (1) 

%nd  for  adiabatic  expansion, 

P.  V^  =  P.  K*  (2) 
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Taking  the  -tth  root  of  both  members  of  formula  2, 


{/>,)*  J/,  =  (/»,)*  (• 


(3) 


Dividing  formula  1  by  formula  3«  irembcr  by  member, 


7;  =  (/*.)  ''r. 


«-i 


and  from  this 

Substituting  for  k  its  value,  1.405.  formula  4  becomes, 

f:-(r--(r    "» 

Formulas  4,  5,  and  6  arc  homogeneous,  and  the  pressm^s 
may,  therefore,  be  taken  cither  in  pounds  per  square  £oot  oi 
in  pounds  per  square  inch. 

Example— A  mass  of  cunfined  air  at  a  pressure  of  60  pounds  per 
square  inch,  absolute,  nnd  a  tetnperature  of  140**  P.  expands  atlinbattc- 
ally  until  tbe  pressure  falls  to  20  pounds  per  square  inch;  calculate  the 
6u&l  temperature. 

7*  IP  \  .MM  ip  \  JMI 

Solution.— By  formula  6,  =^  =  (  >,M       ,  and  T,  «  r,  \-^\ 

r,  =  460  +  HO  =  eOO.     Therefore.   T,  =  6(10  fj^i       .     Ln^  r, 

»  log  000  +  .2883f log  20  -  log  W))  =  2.640<i0.    r.  -=  437.12,  and 
/,  =  437.12  -  4fiO  =  -  22.88"  F.     Ana. 
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EXPANSION   ACCOROINO    TO    THE    LAW   PV--A   CONSTANT 

16.  The  isothermal  and  adiabatic  expansions  are  special 
or  limiting  cases  of  the  more  general  expansion,  in  which  the 
relation  between  pressiu-e  and  volume  as  the  expansion  pro- 
fijesscs  follows  the  law  ^  K"  =  a  constant,  or  A  K"  =  /*,  f  *," 
=  A  K.-,  etc. 

For  «  =  1,  the  formula  gives  the  isothermal  case,  in  which 
sufficient  heat  is  supplied  to  the  gas  to  do  the  external  work 
and  there  is  no  chani-e  in  the  energy.  For  n  -  k  =  1.405.  it 
gives  the  adiabatic  case,  in  which  there  is  no  heat  supplied 
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to  the  gras  and  the  external  work  is  done  wholly  at  the  expense 
of  the  energy  of  the  gas. 

Between  these  extremes,  there  are  any  number  of  expan- 
sions depending  on  the  amount  of  heat  supplied  to  the  gas. 
ThnSt  if  the  heat  imparted  is  enough  to  do  one  half  the 
external  work,  the  gas  must  give  up  enough  energy  to  do 
the  other  half  of  the  work;  and,  while  the  temperature  falls, 
it  does  not  fall  as  much  as  in  the  adiabatic  case,  in  which  the 
gas  must  give  up  enough  energy  to  do  all  the  external  work. 
For  this  case,  therefore,  the  curve  representing  the  expansion 
would  lie  between  the  adiabatic  and  isothermal,  Fig.  5,  and 
the  exponent  h  would  He  between  1  and  1.405. 

It  is  possible  to  imagine  cases  in  which  n  does  not  lie 
between  1  and  1.405,  but  these  rarely  occur  in  engineering 
practice.  Thus,  if  the  heat  imparted  is  more  than  sufficient 
to  do  the  external  work,  n  will  be  less  than  1,  and  the  curve 
of  the  expansion  will  rise  above  the  isothermal  curve;  on 
the  other  hand,  if  the  gas  gives  up  more  energy  than  enough 
to  do  the  external  work,  heat  is  abstracted  from  it,  »  is 
greater  than  1.405,  and  the  curve  lies  below  the  adiabatic. 

17.  External  Work.^Thc  following  general  formula 
for  the  external  work  done  when  the  expansion  follows 
the  law  /*,  P\'  =  P,  I',"  is  derived  by  the  use  of  higher 
mathematics: 

^      'n^l 

This  formula  is  true  for  any  expansion  in  which  the  value 
of  n  is  greater  than  1.  It  will  be  seen  that  it  differs  from 
the  work  formula  for  adiabatic  expansion,  formula  2,  Art.  12, 
only  in  that  «  is  substituted  for  k. 

18.  Heat  AiliUsi  to  iL  iian. — The  change  of  energy  is 
expressed  by  the  formulas 

ye=(/'.r.-/'.K.)(-i-j-^)        (1) 

n-Jk 


and 


For  the  derivation  of  fonnu!as  1  and  2,  see  Appendix  IV. 

•*  t-K. 
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s  ^  c^ 


(3) 


Formulas  1  and  2  must,  of  course,  give  the  same  result. 
In  cases  arising  in  practice,  it  is  usually  more  convenient  to 
apply  formula  I ,  since  the  pressures  and  volumes  are  usually 
known  rather  than  the  temperatures  and  the  weight  of 
the  gas. 

In  //aai.  Part  1,  the  heat  imparted  to  any  substance  is 
shown  to  be 

in  which  7*1  and  7*.  =  the    initial   and   6nal   absolute   tem- 
I  peraiures; 

s  =  specific  heat; 
G  =  weight. 
Comparing  this  formula  with  formula  2,  it  is  seen  that 
n  —  k 
'«-  1 

Formula  3,  therefore,  gives  the  specific  heat  of  a  gas 
expanding  according  to  the  law  fiv  =  ^  constant. 

For  values  of  n  lying  between  I  and  k,  that  is,  between 
1     and     1.405.    s    is     negative.      Thus,    suppose    n  =  1.2; 
1.2  -  1.^05 
1.2-1 

s  =  -1.025  X  .16902  =  -.17325.  The  negative  specific 
heat  simply  signifies  that  the  temperature  falls  rather  than 
rises  as  heat  is  added. 

19.     Hntio  of  Chaiisre  of  Kiierjary  to  Kxternnl  Work. 

For  a  given  value  of  w,  the  change  of  energy  of  the  gas  is 
some  definite  percentage  of  the  external  work.  Since  there 
is  usually  a  decrease  of  energy  during  expansion,  let  the 
decrease  equal  C  limes  the  external  work,  that  is 

£,-J^,  =  CIV  (1) 

Inserting  the  values  of  A,  —  /•■,  and  IV  from  formula  2, 
Art.  4,  and  the  formula  of  Art.  17,  respectively. 


J  =  f,- 


=  - 1.025  r„     For   air,   f»  =  .16902    and 


*  -  1                       «  -  1 

whence 

/"  _  'f  —  1                    /o\ 

and 

«  =  r(^--i)  +  1       (3) 
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Ex-VMPLS  1. — Air  expanding  according  to  the  law  py^'^  =  a  con* 
<;tnnt,  performs  KJ.iitlOfoot-poiintts  of  external  work,  (u)  What  amount 
of  energy  is  given  up  by  the  air?  {b)  How  much  heat  is  imparted  to 
the  air  during  the  expansion? 

«  -  1         1 .35  -  1 


Solution.—    C  ■ 


=  .6173. 


*-l       1.405-1 

(a)     £■.  -  A',  =  CW  ^  .mn  X  13.500  =  8,333.6  ft.-lb.    Ans. 

i6)  The  enerKy  imparted  is  equal  to  the  difference  between  the 
work  done  .and  the  energj'  given  uji  by  the  air,  or,  13,500  —  K, 333.6 
=  h,i^A  ft.-lb.     Then. 


J  Q  =  5,1fiR.4.  and  Q  = 


778 


6.B4  B.  T.  U.    Ans. 


EXAUPLS  2.— Air  expands  in  such  a  way  that  two-thirds  of  the 
extemnl  work  is  dnnc  by  the  energy  given  np,  and  one-third  by  the 
heat  imparted  to  the  gas;  wliat  is  the  law  of  the  expansion? 

Solution.— Here  C  =  |.    Using  formula  3, 

«  =  C(*-l)  +  l  =  «X  .-105  +  1  =  1.27 
Hence,  the  air  expands  accordiog  to  the  law  /'  J^"  =  a  constant,  or 
/>,  I-V"  =  A  ^'•'^ .    Ans. 

Referring  to  formula  2,  it  is  seen  that  when  n  =  1,  the 
isothermal  case.  C  =^  0,  showitig  that  there  is  no  change  in 
energy;  when  n  =  k,  the  adiabatic  case,  C  =  1,  showing 
that  all  the  work  is  furnished  by  the  decrease  of  energy. 

20,  delations  Between  ^'oIllnle  nnd  Temperature, 
and  Pressure  an<l  Temperature. — The  formulas  giving 
the  ratio  of  temperatures  for  a  given  ratio  of  volumes  or  of 
pressures  have  the  same  form  as  formula  3  of  Art.  14, 
and  formula  4  of  Art.  15;  the  only  change  is  the  substitu- 
tion of  «  for  k.     Thus 

t; 

21.  IlluHtrattve  Example, — The  solution  of  the  fol- 
lowing example  illustrates  the  principles  developed  in  the 
preceding  articles: 

ExAUPLS.— A  mass  of  confined  air  has  a  pressure  of  60  pounds  per 
square  inch,  absolute,  a  volume  of  {(  cubic  fvct,  and  a  temperature  of 
72'*  F.;  it  expands  according  to  the  law  Pl'^'*  =  a  cutistant,  tmtil 
the  final  pressure  reaches  '.ir,  pounds  per  square  inch.  Find:  {a)  the 
final  volume;  (A)  the  final  temperature;  (r)  the  external  work  done; 
((/)  the  change  of  energy;  {e)  the  heat  imparted  during  the  expansion. 
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Sorption.— («)  From  the  law  of  the  expansion  /"»  y^^  =  P,  fV*.       , 

log  y,  -  log  r.  +  j^  (log^.  -  log^.)  -  logs  +  'g_gJP^-^°g35  „  1  098,6; 

hence.  K,  =  12.536  ca.  ft.     Ans. 

(P\  *"'- 

+  72  -  532,  and  «  =  1.2;  hence,  T,  «  532  (s)?'*-    Log  7",  ••  log  582 

+  f^  (log  35  -  log  tiO)  «  2.88690.      T,  ^  486.3"  and  /.  =  486.3  -  460 

-  26.3".     Ans. 

(r)     To  find  the  work,  use  the  forratila  in  Art.  17, 
r  =  A^  -  j'^Ji  =  144(80  X  8  -J5xl2jg6)  ^  ^  ^  ,,  .,^ 


(rf)     From  formula  2  of  Art.  1»,  C^ 
and  by  formula  1  uf  Art.  19, 


AOR. 

^ 

i.405  -  1  ~  .406* 


1.2-1 


£,-£n~Ciy' 


.406 


X  20,693  =  14.663  ft. -lb.     Ans. 


{r)     From  the  general  fiinnula. 

JQ  =  £,-  £^+  ff*  =  W _  {^.  -  ^,)  ^  29.693  -  14,663 
=  15.030  ft. -lb.; 
hence.  Q  -  15,030  -i-  778  =  li>.32  B.  T.  U.    Ans. 


C0MI'UK»»10N    OP    CASKS 

22.     The  behavior  of  a  gas  when  compressed  according 

to  some  law  is  precisely  the 
reverse  of  its  behavior  vrhen 
expanding  according  to  the 
same  law.  Let  a  given  weight 
of  gas  expand  from  some  initial 
state  represented  by  the  point 
A,  Fig.  6^  to  some  second  state 
represented  by  the  point  ff. 
The  form  of  the  curve  .-f  B  is 
"^  determined  by  the  law  of  the 
-r  expansion,  as  expressed  by  the 
formula  A  l','  =  P,  K",   in 

which  n  lies  between   1  and  k.     The  characteristics  of  an 

expansion  following  this  law  arc  here  given: 


PlO.  « 
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The  pressure  falls  as  the  volume  increases. 

The  temperature  falls. 

External  work  is  done  by  the  gas. 

The  z&s  loses  part  of  its  energy. 

Heat  is  imparted  to  the  gas. 

If  the  gas  is  compressed  from  the  state  B  back  to  the 
state  A  along  the  same  curve,  that  is,  according  to  the  same 
law,  the  following  take  place: 

The  volume  decreases  and  the  pressure  rises. 

The  temperature  rises. 

External  work  is  done  on  the  gas. 

The  energy  of  the  gas  is  increased. 

Heat  is  abstracted  from  the  gas. 

In  the  case  of  the  expansion,  the  initial  state  is  represented 
by  the  point  .-/;  the  initial  conditions  are  distinguished  by 
the  subscript  J,  thus:  Pt,  K,,  and  7\.  The  final  state  is 
represented  by  B,  and  Che  pressure,  volume,  and  temperature 
at    this    state    are  distinguished    by  the   subscript  2,   thus: 

/>      L'      T 

In  compressing  the  gas,  B  is  taken  as  the  initial  state 
and  A  as  the  final  stale;  the  initial  stale  B  is  distinguished 
by  the  subscript  1  and  the  final  state  .-/  by  the  subscript  2. 
Then  all  the  formulas  derived  for  the  expansion  of  the  gas 
hold  good  also  for  the  compression,  and  the  results  will  have 
proper  signs.  For  example,  the  formula  for  external  work, 
in  Art.  17,  is 

n  —  \        * 

for  expansion,  P,  and  Vx  refer  to  the  state  A,  and  A  and  Vt 
to  the  state  /?,  and  if  «  is  greater  than  1,  the  product  for  A 
is  the  larger;  that  is,  /*,  (',  is  greater  than  P,  l\,  and  the 
work  M^  is  positive.  For  compression,  P,  and  V,  refer  to 
the  state  B.  and  /*,  and  f '.  to  the  state .'/;  hence,  P,  l\  is  greater 
than  P,  l\,  P»  l\  —  /*•  l\  is  negative,  and  the  result  obtained 
for  IV  is  therefore  negative.  This  is  as  it  should  be,  for  if 
the  work  done  by  the  air  during  expansion  is  considered 
positive,  the  work  done  on  the  air  during  compression  must 
be  considered  negative. 

173—19 
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23.  CumpresHlon  of  Air. — Probably  the  most  important 
appHcation  of  the  principles  of  the  thermodynamics  of  gases 
is  found  in  the  conipressioo  of  air.  The  action  of  the  ordinary 
air  compressor  is  described  in  PneHmatics,  which  description 
should  now  be  reviewed.  In  Fig.  7  is  shown  the  compressioQ 
cylinder  with  the  piston  at  one  end  of  the  stroke.  The  cylin- 
der is  filled  with  free  air,  that  is.  air  at  atmospheric  pressare. 
The  volume  of  the  air.  which  is  equal  to  the  volume  swept 
through  by  the  piston,  is  denoted  by  T',  and  the  initial  pres- 
sure, in  pounds  per  square  foot,  by  P,.     The  state  of  the 

gas  as  regards  pres* 
sure  and  volume  is 
represented,  with 
reference  to  the  axes 
OP  and  Ol\  by  the 
point  A.  OF  '\^  the 
length  of  the  stroke 
of  the  piston,  and  may 
be  conveniently  taken 
to  represent  the  vol- 
ume /',.  and  PA  rep- 
resents to  some  scale 
the  pressure  Py. 

As  the  piston 
moves  to  the  left,  the 
air  is  compressed  and 
the  pressure  rises.  If 
corresponding  pressures  and  volumes  are  laid  off  from  O  I' 
and  OPt  the  points  representing  the  successive  states  of  the 
gas  during  the  compression  will  lie  on  a  curve  AH.  When 
the  pressure  H S  is  reached,  the  outlet  valve  vi  is  forced 
open  and  the  air  is  discharged  into  a  receiver.  The  receiver 
is  so  large  that  the  pressure  is  not  raised  appreciably  by  the 
addition  of  this  air;  hence,  the  pressure  remains  practically 
the  same  while  the  air  is  being  forced  from  the  cylinder.  The 
line  PC  represents  this  operation.  At  B^  the  air  has  the 
volume  C P  and  the  pressure  EP\  since  this  pressure  remains 
the  same,  the  point  representing  the  state  of  the  gas  must 


-H- 


B= 


Fi<i. ' 
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move  from  B  parallel  to  0  V  and  approach  O  P,  The 
volume  CB  is  denoted  by  r„  and  the  pressure  EB  by  P,. 

The  work  of  compressing  the  air  from  the  slate  .-/  to  the 
stale  B  is  represented  by  the  area .  i  B  /i" Thunder  the  curve  A  B\ 
and  the  work  of  pushing  the  air  into  the  receiver  after  it  has 
reached  the  state  B  is  represented  by  the  area  of  the  rect- 
angle BCOE  under  BC.  Buc  as  soon  as  the  piston  begins 
to  move,  air  enters  the  cylinder  through  the  valve  n  and 
exerts  a  pressure  on  the  right-hand  side  of  the  piston  and 
does  work  on  the  piston.  The  pressure  of  the  air  is  Z',, 
represented  by  A  F^  and  the  work  done  on  the  piston  is  the 
product  Of  this  pressure  by  the  volume  swept  through  by  the 
piston;  hence,  the  work  is  represented  by  the  area  AD  OF. 
The  total  work  done  is  the  sum  of  these  three  pans,  each 
taken  with  its  proper  sign.  According  to  Art.  22,  work  done 
by  the  air  on  the  piston  is  considered  positive  and  that 
done  by  the  piston  on  the  air  is  negative. 

The  compression  represented  by  the  curve  .'/  /?  follows  the 
law  /*/'"  =  a  constant.  From  the  formula  of  Art.  17,  the 
work  of  compression  from  ^  to  ^  is 


W^tn^ 


_  P.  K.  -  jP.  K. 


n-  1 


(1) 


As  explained  in  the  preceding  article,  the  work  given  by 
this  furnnila  will  always  have  the  proper  sign.  The  work  of 
expelling  the  air  is 

Wnc  =  FBXBC  =  P,K  (2) 

As  this  work  is  done  by  the  piston  ou  the  air,  it  must  be 
given  the  negative  sign.  The  work  done  on  the  piston  by 
the  air  in  the  right  end  of  the  cylinder  is 

IVj,,  =  FAxOF=  P,  l\  (3) 

Tbis  work  is  given  the  positive  sign.  The  total  work  per 
stroke  is  therefore 

rr=  iv^^~  \Vn,-¥  w^n         (4) 

which  equals 


n  -  1 


iiL-  _  />,  f;  +  />,  i;  ^   {/\  r;  _  /»,  r.) 


//  -  1 


+  1 


or 


W  = 


TK-X 


ip,  I',  -  />.  r.) 


(5) 
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Example.— The  initial  volume  of  the  free  air  in  the  cylioder  a 
Ifl  cubic  feet,  and  the  nir  is  comprewed  from  atmospheric  pressure  to 
a.  pressure  of  54  pounds  per  square  inch  gauge — that  is,  aboiv  the 
pressure  of  the  atmosphere — according  to  the  law  /*y**  —  a  coDStaoi. 
{a)  What  is  the  work  done  per  stroke?  (d)  M  the  compresMir  malies 
eighty  working  strokes  per  minute,  what  is  the  uet  horsepower 
required  to  drive  it?  (<r)  How  much  heat  is  abstracted  trom  the  air 
during  the  compressioa  from  l\  to  l\? 

SoLunoK.— First,  the  volume  /',  must   be  fouDcl.     Since  fit  V,' 
-  A  K.-.  (1^*)  "  -  ^],  or  K  =  K  (^l)  -.    /'■  =  IGcu.  ft.;  p,  =  14.711, 
pM-  64  lb.:   En"B«  =  68  7   lb-,  absolute.     Then.   K,  =  16  (s|^'*- 

Log  K  -  log  16+1^  (log  H-7  -   log  68.7)   =  .68W1.     Hence,  f. 
=.  4..«87  cu.  ft. 

(a)     From  formula  A, 
Ifr  .  ^    (^,  pr^  _  j>^  ^,)  «.  If  X  144  X  (14.7  X  16  -  68.7  X  4.8*7) 

=  -62.735  ft. -lb.     Ans. 
{&)    There  are  eighty  working  strokes  per  minute,  and  since  the 
work  found  in  (a)  is  the  work  of  one  stroke, 
80  X  ti2,735 


K.  V 


152.    Ans. 


33,000 

U)    To  determine  the  heat   abstracted   during  the  compression, 
lorraula  1  of  Art.  18  may  be  used.     Then. 

JQ  -  144  (14.7  X  16  -  08.7  X  4.887)  (fg^^  -  ^  ^  _  ^) 

-  -12,511  it.-lb. 
^         -12.511 


778 


-16.08  B.  T.  U.     Ans. 


The  result  is  negative,  as  It  should  be;  for  heat  imparted  to  the  gas 
has  been  considered  as  positive,  and  heat  abstracted  should  therefore 
be  negative. 

24.  Adlabatlc  and  TROthermal  Compression. — -The 
fundatnental  formula,  J  Q  =  E^  —  E,  -\-  IV,  may  now  be  con- 
sidered in  connection  with  the  air-compression  process.  The 
work  IK  being  done  on  the  iias  is  negative  and,  in  practice, 
JQ  is  also  negative;  that  is,  heat  is  abstracted  from  the  gas. 
The  change  of  energy,  however,  is  positive;  that  is,  it 
increases,  for  durinc  compression  the  temperature  rises. 
Writing  the  formula  with  these  signs. 

-JQ  =  {£.  -  A- )  -  IV,  ot  W  ^  E.-E,  +  JQ 
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It  is  to  be  noted  that  the  K^in  this  formula  is  the  work  of 
compression  merely,  that  is,  the  work  represented  by  the 
area  ABEFy  Fiff.  7,  and  not  the  total  work  per  stroke. 

For  adiabatic  compression,  JQ  =  0  and  IV  =  £",  —  £',, 
The  entire  work  of  compressing  the  air  from  A  to  B  has 
been  expended  in  increasing  the  energy  of  the  air.  If  the 
compression  is  isothermal,  there  is  no  change  of  energy, 
^,  —  £".  =  0  and  IV  =  JQ,  The  work  of  compression  is 
taken  away,  as  fast  as  it  is  performed,  by  the  water-jacket. 
If  the  air  were  used  as  soon  as  it  is  compressed,  the  energy 
stored  in  it  by  adiabatic  compression  would  be  utilized  and 
adiabatic  compression  would  be  as  efficient  as  isothermal 
compression.  As  a  matter  of  fact,  the  air  is  usually  carried 
in  mains  perhaps  several  miles  long,  and  in  transmission 
cools  to  the  temperature  of  the  outside  air  and  thus  loses  the 
energy  due  to  the  rise  in  temperature  duriogf  compression. 

Referring  now  to  Fig.  7,  suppose  the  compression  to  be 
adiabatic:  then  the  compression  curve  is  AB'.  If  it  were 
isothermal,  the  compression  curve  would  be  AB",  lying 
below  and  to  the  left  of  A  B'.  That  the  adiabatic  must  lie  to 
the  right  of  the  isothermal  is  evident;  for  at  the  final  pres- 
sure. P,.  the  final  temperature  is  higher  in  the  adiabatic  case. 
and,  therefore,  the  final  volume  C B'  is  greater  than  the  final 
volume  CB"  in  the  isothermal  case.  As  has  been  seen,  the 
net  work  per  stroke  is  represented  by  the  area  A  B'  C D  A. 
If  the  compressor  is  provided  with  a  water-jacket  effective 
enough  to  prevent  the  temperature  from  rising  during  com- 
pression, the  work  per  stroke  would  be  A  B"  C D  A  and  the 
work  B'A  B"  would  be  saved.  In  practice,  the  water-jacket 
is  not  so  effective,  and  the  actual  compression  curve  A  B  lies 
between  the  adiabatic  A  B'  and  the  isothermal  AB".  The 
work  saved  is  represented  by  the  area  B'A  B.  The  follow- 
ing conclusions  should  now  be  evident: 

The  work  that  may  be  eventually  derived  from  air  at  a 
given  pressure  is  the  same,  whether  it  is  compressed  adiabat- 
ically  or  isothermally.  The  extra  energy  imparted  to  the 
air  by  raising  its  temperature  in  adiabatic  compression  is 
lost  by  radiation.     The  work  of  the  compressor  piston  per 
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struke  is  smaller  the  lower  ihe  final  temperature  is  kepi 
by  the  action  of  the  water-jacket.  Hence,  the  compression 
should  be  as  nearly  isothermal  as  possible. 

25.  Formula  5,  Art.  23,  holds  eood  for  any  value  oia 
except  1 ;  that  is,  for  any  case  but  the  isothermal.  In  that  case, 
the  work  per  stroke  is  represented  by  the  area  A  B"  C DA. 
Fig.  7,  which  is  made  up  of  the  areas  A  B"  O F,  B"CO(i, 
and  ADOF,  as  described  in  Art.  23.  By  formula  2. 
Art.    9,    the    work    represented    by    the    area   A  B"GF  is 

2.3026  /*,  l\  log  -  ,",  and  the  remaining  areas  are  represented 

by  Pt  K  and  A  I'„  as  in  Art.  23.  Then  the  total  wort 
W  =  2.3026  /».  l\  log  ^^  +  />.  r.  -  P,  l\.     But  in  isother- 

mal  compression  or  expansion  /*,  V\  =  P,  V,;  hence, 
\V  =  2.S026  A  K.  log  f;  =  2.3026  P,  l\  log  ^'. 

Hence,  the  total  work,  represented  by  the  area.-/  B"CDA^ 
is  the  same  as  the  work  of  compressing  the  air  from 
A  to  B'\  that  is,  from  F,  to  K.  which  is  represented  by  ihe 
%v(i9.AB"GF. 

ExAUPi^. — In  the  example  of  Art.  S3,  what  would  be  tbe  work 
per  stmke  if  the  compression  were  isotberm&l,  and  what  would  be  tfac 
percenlagfe  saved.* 

Solution.— Here  /»,  -=  144  X  14.7.  Vx  =  16.  sad  A  =  144  X  {M 
+  14.7);  hence. 

W  =  2..'»2«  X  144  X  14.7  X  "*  X  *"K  ^  =  -52.223  ft. -lb.,  nearly. 

An<t. 
In  the  previous  case,  the  work  was  62,735  ft. -lb.     Hence,  the  per- 
centage »avei1  is 

lOU  X  ^^-^iT-^'^^  =  IS™  P*^""  "="^*    Ads. 


KXAMI'I.KS     FOR    I'RACTICK 

1.  If  5.GH  cubic  feet  (if  air  havinij  a  temperature  of  60*'  F.  is  com- 
pressed adiubatically  to  n  volimic  of  !..'{  ciiliic  feet,  what  is  the  final 
teraijerature?  Ans.    4ti6.7*  P. 
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2.  In  example  1,  if  the  iaitial  pressure  is  H.7  pounds  per  square 
inch,  absolute,  what  is  the  final  pressure? 

Ans.  116.7  lb.  per  sq.  in.,  absolute 

3.  With  the  same  data  ax  in  examples  1  and  2,  calculate  the  work 
required  to  compress  the  air  when  the  carapression  is  adiabatic. 

Ans.  '2i,2&4  ft. -lb, 

4.  With  the  conditions  the  same  as  in  esample  3,  calculate  the 
work  required  wheu  the  compression  is  isothermal? 

Ans.   17,7:Wfl..lb, 

5.  Confined  air  having  a  volume  of  .8  cubic  foot  at  a  tcmpcrntnrc 
of  120'^  and  a  pressure  of  45  pounds  per  sqAare  inch,  ahsniute.  expands 
adiabatically  to  the  pressure  of  the  atmosphere.  What  is:  (d)  the 
final  volume?  (d)  the  final  temperature?  (r)  the  work  done  during 
expansion? 

Ads. 


t(a)   1.774  cu.  £t. 

B.lh)  -39.9"F. 
[U)  3.527.9  ft. -lb. 


THKUMOBYNAMICS   OF  CI^OSED   CYCI.E8 


nEFIXITIONS    ANI>    PRINCIPLES 

26.  Cycle  of  Chuiiffcs  of  State. — Thus  far  only  those 
changes  of  state  that  follow  some  one  law  have  been  con- 
sidered. Cycles  of  p 
chanees  of  state  will 
now  be  taken  up,  in 
which  there  is  a  series 
of  processes  and  in 
which  the  substance 
changes  its  state  accord- 
ing to  a  succession  of 
different  laws. 

A  cycle  of  operations 
in    which    a    substance. 
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after  passing  through  the  several  changes  of  state,  is  brought 
back  to  its  initial  state  is  called  a  eloHod  cj'cle;  otherwise 
it  would  be  an  open  cycle.  A  closed  cycle  is  represented 
graphically  by  a  series  of  lines  enclosing  an  area,  as  in  Fig.  8. 
Thus,  suppose  liie  substance  to  start  from  the  initial  state 
represented  by  the  point  A,  and  to  be  subjected,  in  turn,  to 
four  changes  of  state  represented  in  the  pressure  and  volume 
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coordinates  OP  And  O  l\  commonly  called  /'-K coordinates, 
by  the  curves  .4 /i,  B  C,  C/?,  and  /JJi,  respectively;  as  the 
substance  is  brought  back  to  the  initial  state,  the  end  £  ot 
the  last  curve  must  coincide  witli  v/,  and  the  four  curves 
must  therefore  form  a  closed  figure. 

The  cycle  of  the  fluid  used  in  a  heat  engine  consists  usually 
of  four  changes  of  state  and  is  represented  by  four  curves. 
If  the  alternate  curves  are  of  the  same  kind,  it  is  said  to  be  a 
Bltnple  cycle. 

27.     llelatlon    Between    Heat    Used   and    Slxtemal 

Work. — Let  IVah  denote  the  external  work  during  Ibe 
change  from  .-i  to  ^,  Fig.  8,  and  Q^x  the  heat  imparie<i 
during  the  change;  and  similarly  for  the  other  changes  of 
state;  also,  let  ^^,  /is,  etc.  denote  the  intrinsic  energy  of  the 
substance  in  the  states  A,  B,  etc.  Applying  the  general 
energy  equation  to  each  change  of  state,  then 

for  .-/  j9,  JQas  =  E^-E^+  Wax 

for  B  C.  JQ;>c  =  Ec  -Es^'  IVxc 

for  CD,  JQcD  ^  Ed-  Ec  +  VVcd 

for  DA,  JQoA  ='  Ea-  Eo  +  Woa 
Adding  the  members  of  the  four  equations, 

That  is,  tAe  total  external  work  is  the  equivalent  of  ike  total 
heat  imparted. 

In  any  closed  cycle,  work  must  be  done  by  the  fluid  during 
part  of  ihe  cycle,  and  nn  the  fluid  during;  the  remainder;  thai 
is.  part  of  the  work  is  i)ositive  and  part  negative.  Referring 
to  Fig.  8,  assume  that  the  cycle  is  made  in  the  direction  I 
A'B,  B-C,  etc.;  then  from  A  io  B  and  from  B  to  C  work  is 
done  by  the  substance,  while  from  C  to  D  and  from  D  to  A 
work  is  done  on  the  substance.     Therefore, 

H'A/f  =  +area  AyABB^ 

Wbc  =   +  area  B.BCC, 

WcD  -  -  area  C  CDD, 

Wnj  =  -  area  D.DAA, 
Adding.  Wax  +  f»V  +  Wco  +  IVnA  =  A, ABB,^B,BCC, 
—  C^CDD,  —  D.DAA,  =  A  BCD.     That  is,  iAr  net  ztwk 
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done  by  the  substance  during  the  cycle  is  represented  by  the  area 
emlosed  by  the  curves  representing  the  successive  changes  of  state. 

BxAUPLB. — A  gi^'en  weight  of  air  goes  through  a  closed  cycle  of 
changes  and  in  so  doing  ha*  imparted  tn  it  1-18  B.  T.U.  and  gives  up 
123  B.  T.  U.;  what  is  the  net  external  work  done? 

Solution.— The  net  heat  Imparted  is  148  -  123  =  25  B.  T.  U. 
Then,  «*  =  /(?  -  778  X  25  =  19,450  B.  T.  U.     Ans. 

28.  Heat  Knglne. — A  hoat  en^ne  is  a  machine  or 
motor  by  which  heat  is  transformed  into  work.  The  engine 
is  supplied  with  some  substance,  called  the  worklnpr  fluid, 
that  is  capable  of  receiving  heat  freely  and  of  giving  It  up 
freely.  This  fluid  receives  heat  from  some  external  body, 
called  the  source  or  hot  body,  and  gives  up  a  smaller  quantity 
of  heat  lo  another  body,  called  the  refrigerator  or  cold  body. 
The  heat  not  delivered  to  the  refrigerator  is  transformed 
into  work.  In  any  heat  engine,  the  working  fluid  goes 
through  continuous  cycles  in  which  the  original  conditions 
are  periodically  repeated.  In  the  ordinary  reciprocating 
engine,  there  is  a  cycle  for  every  revolution. 


CARNCIT'8    CTCIJE 

29.  Carnot's  Heat  Knsrlne.— In  3824,  Sadi  Camot,  a 
French  engineer,  described  an  ideal  engine  having  a  simple 
cycle  composed  of  isothermal  and  adiabatic  changes  of  stale. 
The  conditions  rectuired  by  this  engine  cannot  be  complied 
with  in  practice  and  the  engine  cannot  be  actually  constructed. 
Notwithstanding  this  fact,  the  study  of  the  Camot  engine  is 
of  the  first  importance  because  it  represents  the  limit  of 
engine  economy  and  is  a  standard  by  which  engines  may  be 
compared  with  each  other.  The  efficiency  of  an  actual 
engine  is  always  less  than  that  of  the  ideal  Carnot  engine 
working  between  the  same  source  of  heat  and  the  same 
refrigerator. 

In  Fig.  9.  c  represents  the  cylinder  of  a  Camot  engine. 
Its  walls  are  supposed  to  be  perfectly  non-conducting  and 
its  head  a  perfect  conductor.  The  piston  is  also  supposed 
to  be  a  non-conductor  of  heat  and  to  move  in  the  cylinder 
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without  friction.  There  is  a  source  of  heat  s  that  is  main- 
tained at  sL  constant  lemperature  T„  absolute,  and  a  refriger- 
ator r  maintained  at  a  constant  temperature  T^,  absolute: 
there  is  also  a  stand  /  that  is  a  perfect  non-conductor. 

The  action  of  the 
engfine  is  described  as 
follows: 

1.  Let  the  fluid  in 
the  cylinder  have  the 
temperature  T,  of  the 
source  of  heat,  and  let 
the  cylinder  be  placed 
on  the  stand  /.     The 

1  piston  is  permitted  to 

'  rise  and  the  flaiid  ex- 
pands adiabatically,  as  no  heat  can  pass  through  the  non- 
conducting walls.  This  expansion  proceeds  until  the  tem- 
perature drops  to  the  temperature  of  the  refrigerator  r. 
Let.'/,  Fig.  10,  represent  p 
the  initial  state  of  the  fluid 
as  regards  pressure  and 
volume;  then  the  adia- 
batic  expansion  is  repre- 
sented by  the  curve  .-i  H, 
2.  Next,  the  cylintler 
is  placed  on  the  refrigera- 
tor r  and  the  fluid  is  com- 
pressed slowly.  Heat 
passes  through  the  con- 
ducting head  into  the 
refrigerator  and  if  the  ** 
compression  is  suffi- 
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ciently  slow,  the  passage  from  cylinder  to  refrigerator  may  be 
accomplished  without  any  rise  of  temperature;  that  is,  the 
compression  is  isothermal.  This  compression  is  represented 
by  the  curve  B  C. 

3.     The  cylinder  is  now   placed   on  the   non-conducting 
stand  /  and  the  fluid  is  still  further  compressed;   since  no 
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heat  can  escape  through  the  non-conducting  walls,  this 
compression  is  adiabatic  and  the  temperature  of  the  fluid 
rises.  Let  the  adiabatic  compression  be  continued  until  the 
temperature  of  the  fluid  is  T',,  the  same  as  the  temperature  of 
the  source  s.     The  cur\'e  CO  represents  this  third  operation. 

4.  For  the  next  operation,  the  cylinder  is  placed  on  the 
source  s  and  the  fluid  is  permitted  to  expand.  The  source  s 
supplies  heat  during;  the  expansion  and  keeps  the  tempera- 
ture of  the  fluid  constantly  at  T,',  hence,  the  expansion  is 
isothermal.  Let  the  expansion  proceed  until  the  fluid  attains 
the  initial  state  .-/. 

The  fluid  has  now  passed  through  a  closed  cycle  of  opera- 
tions consisting  of. four  changes  of  state,  namely,  adiabatic 
expansion,  isothermal  compression,  adiabatic  compression, 
and  isothermal  expansion.  This  cycle  is  called  Cnrnot's 
cycle. 

30.  Efficiency  of  Caruot*s  Engine. — The  efficiency 
of  a  beat  engine  is  the  ratio  of  the  heat  transformed  into 
work  to  the  whole  heat  supplied  from  the  source.  Thus,  if 
an  engine  receives  1,()CK)  B.  T.  U.  from  the  source,  transforms 
150  B.  T.  U.  into  external  work,  and  gives  up  the  remaining 
850  B.  T.  U.  to  the  refrigerator,  its  efficiency  is  -ihf,?a  =  .15, 
or  15  per  cent. 

Let  Qt  =  heat  absorbed  by  working  fluid  from  source; 
Q,  =  heat  given  up  by  working  fluid  to  refrigerator; 
e  =  efficiency. 

The  heat  transformed  into  work  is  evidently  Qi  —  Q,;  hence. 

(1) 


e  = 


Q. 


Since  in  a  perfect  gas  ^  *=  j  7",  in  which  s  is  the  specific 
heat  of  the  gas  and   T  the  absolute  temperature,        ~^ 


12. 


sTr 


(2) 


That  is,  ifif  efficiency  of  a  Carnot  engine  working  with  a 
source  at  a  temperature  Tt.  and  a  refrigerator  at  a  temperature  7", 
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is  th^  ratio  of  the  temperature  range  T,  —   T",  to  the  tempera- 
ture T',  of  the  source. 

31.  The  Roversud  Heat  Engine.  ^Camot's  heat 
engine  is  reversible;  that  is,  it  may  ran  as  described  in 
Art.  29,  or  it  may  traverse  the  cycle  in  the  reverse  order. 
The  action  of  the  reversed  engine  is  as  follows:  Starting 
with  the  slate  D,  Fig.  10,  the  cylinder  is  placed  on  the  non- 
conducting stand  and  the  Huid  expands  adiabatically  to  the 
state  C,  The  cylinder  is  then  placed  on  the  refrigerator  and 
the  tluid  expands  isothermally  as  shown  by  the  curve  C B, 
at  the  .same  time  receiving  heat  Q,  from  the  refrigerator. 
Next,  the  cylinder  is  placed  on  the  non-conducting  stand 
and  the  fluid  is  compressed  adiabatically  to  the  state  A. 
Finally,  the  cylinder  is  placed  on  the  hot  body  and  the  fluid 
is  compressed  isothermally,  as  shown  by  AD.  During  this 
compression,  the  quantity  of  heat  Q,  is  given  up  to  the  hot 
body  by  the  fluid. 

In  the  reversed  engine,  it  will  be  observed  that  the  total 
work  done  on  the  fluid  during  the  compressions  B  A  and  A  D 
is  greater  than  the  work  done  by  the  fluid  during  the  expan- 
sions />rand  Cli;  hence,  the  enclosed  area  ADC B  repre- 
sents the  net  work  done  on  the  fluid  by  the  piston.  This 
external  work  is  the  equivalent  of  the  difterence  Q^  —  Q, 
between  the  heat  given  to  the  hot  body  and  that  received 
from  the  cold  body.  The  reversed  engine,  therefore,  draws 
a  certain  quantity  of  heat  Q^  from  the  refrigerator,  trans- 
forms a  certain  quantity  of  work  W  into  heat,  and  delivers 

W 
the  sum  ^,  +  -     =  Qx  to  the  hot  body. 

32.  Curnol'a  PrlncIpU^.^O/  enj^ines  working  between 
the  sa me  sen rce  a-nd  ike  sa vie  refrigera tor,  no  engine  ca n 
have  a  greater  efficiency  than  Caniot's  ideal  reversible  engifu. 
For,  if  another  engine  A  should  have  a  higher  efficiency, 
it  will  do  a  larger  amount  of  work  than  the  Carnot  engine 
for  an  equal  expenditure  of  heat,  both  working  between 
the  same  source  of  heat  and  the  same  refrigerator.  It  has 
been   seen   that   when   the    Carnot   engine   is   reversed,    it 
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will  require  the  same  amount  of  work  to  drive  it  that  it 
develops  when  running  forwards.  Suppose,  now,  that  the 
two  engines  are  connected  together,  so  as  to  work  in  oppo- 
sition to  each  other.  Since  engine  --/  is  capable  of  doing* 
more  work,  the  Carnot  engine  must  run  backwards.  It, 
therefore,  takes  heat  from  the  refrigerator  and  restores  it  to 
the  hot  body,  as  described  in  Art.  31,  while  engine  .-/  takes 
heat  from  the  hot  body  and  gives  up  heat  to  the  cold  body. 
Assuming  that 'there  is  no  friction,  engine  ,-^  does  just 
enough  work  to  drive  the  Carnot  engine,  and  the  work  of  the 
one  is  equal  to  that  of  the  other.  But  since  A  is  more 
efficient,  it  takes  less  heat  from  the  hot  body  than  the 
Carnot  engine  would  under  the  same  conditions,  and  as 
the  Carnot  engine,  when  reversed,  restores  to  the  hot  body 
the  same  amount  of  heat  that  it  would  take  when  running 
forwards,  it  follows  that  it  must  return  to  the  hot  body 
more  heat  than  is  drawn  off  by  engine  --f.  Heat  would 
thus  be  delivered  to  a  hot  body  from  a  cold  body  without 
outside  aid. 

Experience  shows  that  this  result  cannot  be  attained. 
Heat  of  itself  never  passes  from  a  body  to  a  hotter  body 
unless  work  is  expended  from  without;  and  the  supposition 
that  a  motor  may  run  at  the  expense  of  the  refrigerator 
leads  to  the  conclusion  that  all  the  heat  may  be  abstracted 
from  the  refrigerator,  a  result  clearly  impossible.  There- 
fore, no  engine  can  be  more  efficient  than  an  ideal  reversible 
Carnot  engine  for  a  given  source  and  refrigerator. 


33*     The    Second    I»aw   of   Therniodjiininlcs. — The 

formal  statement  of  Carnot's  principle  constitutes  the  second 
fundamental  law  of  thermodynamics.  This  law  is  stated  in 
various  ways,  but  each  statement  involves  the  same  principle. 

1.  /feai  cattrwt,  unaided  by  external  agency ^  pass  from  a 
colder  to  a  hotter  body, 

2.  //  is  impossible  to  obtain  work  by  cooling  any  Portion  oi 
matter  below  the  temperature  of  the  coldest  of  surrounding  objects. 

3.  The  efficiency  of  the  Carttot  engine  depends  only  on  the 
temperatures  of  the  source  and  refrigerator^  and  not  on  the  nature 
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oi  the  working  fluid:  hence^  all  Caruot  mgines  working  beluvcn 
the  same  source  and  refrigerator  have  the  same  cffitiemy. 

Caraol's  principle,  as  shown  in  Art.  32,  is  a  direct  con- 
sequence of  cither  the  first  or  the  second  statement  of  the 
law.     The  second  statement  is  particularly  suggestive.    The 
atmosphere   possesses  an  almost  unlimited   store   of  heat 
energy,   and   if    some   means  could    be   found   for  utilizing 
this  energy,  motors  could  be  driven  w^ilhout  fuel.     To  thus 
utilize  the  heat  energy  of  the  atmosphere  has  been  the  dream 
of  many  inventors,  but  according  to  the  second  law  it  is  not 
possible  to  do  it.     The  temperature  of  the  atmosphere  may    I 
be  regarded    as    a    sort    of  sea    level    of    temperature— the 
temperature  to  which  all  bodies  either  hotter  or  colder  will 
ultimately  attain  if  left  to  themselves.    To  obtain  work  from 
a  hydraulic  motor  or  waterwheel,  a  head  of  water  is  required; 
that  is,  there  must  he  a  fall  from  an  altitude  above  the  sea 
level.     Similarly,  to  obtain  work  from  a  heat  motor,  there 
must  be  a  fall  of  temperature,  and  this  requires  a  source  at 
a  temperature  higher  than  the  temperature  of  the  atmosphere, 
or,  using  the  atmosphere  as  a  source,  a  refrigerator  at  a 
temperature  lower  than   that  of  the  atmosphere.     The  last 
alternative  is  i^ipossible,  for  there  cannot  be  found  in  nature 
a  portion  of  matter  permanently  colder  than  the  atmosphere 
that  can  be  used  as  a  refrigerator. 

34.  Conscqueuces  of  the  Second  Law. — According  to 
the  first  law  of  thermodynamics,  heat  and  work  are  mutually 
convertible;  work  may  be  transformed  into  heat,  and  vice 
versa.  The  questions  now  arise:  With  a  given  quantity  of 
work,  can  the  whole  of  the  work  or  only  a  fraction  of  it 
be  transformed  into  heat?  and,  conversely,  with  a  given 
quantity  of  heat,  can  the  whole  or  only  a  fraction  of  the  heat 
be  transformed  into  work?  The  entire  quantity  of  work  can 
be,  and  in  fact  usually  is,  transformed  into  heat;  for  example, 
the  entire  work  done  by  an  engine  running  with  a  friction 
brake  is  expended  in  overcoming  friction  and  is  converted 
into  heat.  On  the  other  hand,  only  a  fraction  of  the  heat 
available  can  be  converted   into  work.     A   quantity   Q^   is 
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taken  from  a  source  of  heat,  a  smaller  quantity  Qt  must  be 
given  up  to  a  refrinerator  of  lower  temperature,  and  only 
the  difference  Q,  —  Q,  is  transformed  into  work.  To':onvert 
the  whole  o(  Q^  into  work,  a  refrigerator  with  a  temperature 
at  absolute  zero  must  be  found. 

The  next  question  is,  what  is  the  maximum  value  of  the 


fraction 


Q^  -.Q' 
Q. 


of  the  heat  Q^  that  can  be  converted  into 


work?     A  Camot  engine  converts  the   fraction 


y.  -  T.  , 


the  beat  Qx  into  work,  and  according  to  the  second  law  no 


other  device  can  do  more;  hence. 


7;-  7; 
7-. 


is  the  maximum 


value  sought.     Evidently,  the  value  of  this  fraction  may  be 
increased  by  lowering  the  temperature  7*.  of  the  refrigerator. 


The  value  of  the  fraction 


7-.  -  y, 
r. 


may  also  be  increased  by 


increasiug  the  higher  temperature  T",. 

ExAUPLB. — A  gGo<l  ordiaarj'  steam  engine  reqatres  the  coDStimp- 
tion  of  2\  pounds  of  conl  per  hour  for  each  horsepower;  taking  the 
heating  value  of  a  pound  of  coal  as  13,700  B.  T.  U.,  what  fraction  of 
the  total  heat  liberated  by  the  combnsMoo  is  converted  into  work? 

Solution. — The  heat  resulting  from  the  combustion  js  13,700  X  2^ 
=  :M.250  B.  T.  U.:  1  H.  P.  is  the  performance  of  33.U00  ft.-lb.  of 
work  per  mln.,  or  33,0(30  X  tK)  =  l,i»80,000  ft. -lb.   in   L  hr.     The  heat 

equivalent  of  this  work   is  1^   =    -y    =        ..-. —  =  2.645  B.   T.   U. 

J  i  to 

Of  the  54.2.50  B.  T.  U.  supplied,  only  2,545  B.  T.  U.  is  nltiniately  con* 
verted  into  work.  The  efficiency  is  therefore  j^t^^  =  .0743;  that  in, 
7.43  per  cent,  of  the  total  heat  appears  as  work.     Aos. 

35.  It  must  not  be  supposed  that  a  heat  engine  is  a  poor 
and  inefficient  contrivance  because  it  utilizes  but  a  small 
part  of  the  total  heat  supplied  to  it.  A  large  part  of  that 
heat  is  absolutely  unavailable  for  conversion  into  work,  and 
the  efficiency  of  the  engine  should  be  based  on  the  ratio  of 
the  heat  utilized  to  the  available  heat,  rather  than  to  the 
total  heat.  A  simple  hydraulic  analogy  will  illustrate  this 
point.  Suppose  that  a  supply  of  water  in  the  Rocky  Moun- 
tains IS  at  an  elevation  of  12.000  feet  above  the  sea  levelt 
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and  thai  the  water  is  carried  to  a  level  600  feet  lower,  and 
is  there  used  to  drive  an  impulse  waterwheel.     If  the  wheel 
uses  90  per  cent,  of  the  energy  of  the  fall  of  600  feet,  its 
efficiency  is  said  to  be  90  per  cent.     But  if  the  water  could 
fall  to  the  sea  level  it  would  have  energy  due  to  a  head  of 
12,000  feet;  hence,  even  a  perfect  wheel  600  feet  below  the 
upper  level  can  utilize  but  tSJS^  =  .05,  or  5  per  cent.,  of 
the  total  energy  referred  to  sea  level.     It  would  be  mani* 
festly  unfair   to   credit   the   wheel    with   only   5   per  cent, 
efficiency  when  it  is  using  *.30  per  cent,  of  the  energy  avail- 
able at  that  location.     Similarly,  it  is  unfair  to  credit  a  heat 
engine  with  an  efficiency  of  only  5  to  25  per  cent,  based  on 
the   total  heat   supplied  when   the  engine    utilizes    perhaps 
80  per  cent,  of  the   available  heat;    that  is,   the  heat   that 
could  possibly  be  utilized  under  the  same   conditions  by  a 
perfect  Camqt  engine.     It  would  be  quite  as  reasonable  to 
expect  the  waterwheel  to  utilize  the  total  fall   to   sea  level 
as  to  expect  the  heat  engine  to  utilize  the  total  fall  from  the 
temperature  of  the  hot  body  to  absolute  zero. 


—  . —  reprcMOts  the  heat  impartutl  to  the  air^  and  /,  -  d  the  rise  ia 
temperature. 


perattireK  above  xero;  hence, 


APPENDIX    II 

Derivation  of  formula  3,  Art,  4 
Multiply  and   divide   the  second  member  of  formula  1,  Art.  4, 
by  A*;  then, 

E,-E,^  -'j^^  {J?T,-  R  7",)  =  -^^'(CRr,  -  GR  r.) 

From  the  general  equation,  PI    =  G R  T;  hence, 
GR  r,  =  /*.  r,  and  GAT,  =  P,  K, 
Substituting  these  values 

£,-E,  =-^jJ'(P,l^~-P,l'\) 

o  J  \ 

Now,  from  Art.  3,    -.  ^  c^  —  r„,  and,  -^  —  ;  heace, 

{P,i\~  P,  r.i 


Dividing  numerator  and  denominator  of  the  fraction  by  f», 
^,  -  £•,  =  ,— "—  (A  K,  -  A  K) .  or  finally. 


E,-E,=  j\  J  ( P-,  l\  -  /»,  l\)  =  ^'  ^'*      ^'  ^^ 
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derivation  of  fnmitiUi  3,  Art.  6 
By  formula  2,  Art.  4,  the  iucrease  of  encT^y  is 


i~l 


A^.  -  J?.  = 

and  the  external  work  done  ie 

Prom  the  energy  equation.  Heat,  l-'art  1, 
JQ~£,-£,-\-W^  ^^^if  ^'  -\-  PV,-PVx 

pv,-PK    (*-i)  {py^-pvA 
*  -  r  **■         k-i 

^j^^(py.'py^) 


APPENDIX  IV 

Derivation  of  formulas  1  and  3,  Art.  18 
The  change  of  energy  as  given  by  formula  2,  Art.  4»  Ib 

ftnd  from  the  formula  in  Art.  17, 

a/  a     *     '  ~    ,*.?^ 
i»  —  1 

Then,  applying  the  general  equation, 

or  y^  -  (/>.  K.  -  /»,  K.)  (^-^  -  ^^)  (I) 

Since  /».  K  <^  G  fi  T.  and  A  f-'.  =  GRT„ 

From  the  formula  of  Art.  3, 

Substituting  this  value  for  R, 

whence.  (?  -  C  f»  ( 7*.  -  TV)  /^  J  -  l) 


=  Gc^~^iT,-T;i 


or,  changing  signs. 


Q  -  6V. 


«-  I 


(y.-T-^) 
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ireeentatlon  of  Heat  by  nn  Area. — When  a 
chans^es  in  volume,  pressure,  and  temperature,  it 
Jier  receives  heat  from  some  external  source,  or 

up  heal.  The  quantity  of  heat  transferred  may 
JDted  by  an  area  as  work 
nted  by  an  area  in  the 
ited  in  //eat.  Part  2,  in 
;  ordinates,  or  vertical 
5,  were  represented  by 
and  the  abscissas,  or  hori- 
ensions,  by  volumes. 
y  substance,  say  copper,  at 
tial  temiJerature  /,.    Then, 

i/.ontal  line  AfN,  Fig.  1, 

line,  erect  a  vertical  line 
i  AiA,  and  let  its  length 

to  some  scale,  the  initial 
mperature  T.  =  /,  +  460=^, 
;  temperature  above  zero. 
[  the  copper,  the  heat  Q,. 
nd  the  temperature  rises 

Tt.  Erect  a  second  ordi- 
:o  represent  the  temperature  7",  to  tlac  same  scale 
represents  Ty  and  place  it  at  such  a  distance  to 
i  AyA  that  the  area  AxAB  By  represents,  to  some 

heat    Qx    imparted    to    the    copper.     To    take    a 
case,  let  the  weight  of  the  copper  be  100  pounds 
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and  the  initial  temperature  500°  F.  absolute.  To  rais< 
the  temperature  50*>,  that  is,  to  650**,  requires  100  X  -0951 
X50  =  475.6  British  thermal  units,  or  B.  T.  U.  (The  spe- 
cific heat  of  copper  is  .O'Jol.)  Then  choose  as  scales  1  iocb 
«  200°,  and  1  square  inch  =  500  B.  T.  U.;  then  ^,-4  =  IK 
^  2.5  inches,  j9,  5  =  SM  -  2.75inches,  and  the  area  A.  ABB, 
475.5 


must  be 


500 


=  .951  square  inch.     Assuming  the  side  AS 


to  be  a  straight  line,  the  average  height  of  the  two  ordi* 
nates  AiA  and  Bt  B  is    '    ^      ' ,  and  the  distance  beiweeiw 


the  ordinates  to  give  this  area  is  .951  -f- 


2.5  +  2.75 


=  ,3fJ2  inch.  - 


If  (he  temperature  is  raised  to  600°,  the  ordinate  G  Crep»— 
resenting  it  must  be  ^A%  =  3  inches  long.  As  the  saira.  ^^ 
quantity  of  heat,  475.5  B.T.U.,  is  required,  the  area  B,  BC^H  . 
must  be  equal  to  the  area  A^ABB^^  that  is,  .951   squa.-^ — < 

inch;  and  the  width  B^  C  must  therefore  be  .951  -i-    '    Z'    

=  .331    inch.     Proceeding   in    this  way,   points    ^,  C,  Z>,    -rf*^^ 
etc.  may  be  located  successively. 

It  is  clear  that,  having  chosen  the  scales,  the  points  ^,C,  ^^t 
etc.  must  lie  in  fixed  definite  positions.  ^k 

2.     When  solids  and  liquids  are  heated,  provided  that  (fc^ff 
kolids  do  not  melt  or  the  liquids  vaporize,  the  curve  tli^^t 


represents  the  rise  in  temper 
ture  as  heat  is  added  ha.s  iIk    « 
general  form  shown  in  Fig.  ^*' 
The  heat  imparted  is  nearly  a^^^ 
expended  in  performing  vibr^^* 
tion    work,    and    therefore   lh_      * 
addition  of  heat  must  be  acconc:^* 
panied  by  a  rise  in  temperature^* 
In  the  case  of  gases,  however,  the  conditions  are  entireS-  ^ 
different.     Because  of  the  large  amount  of  external  woe^^Ie 
that  may  be  done  by  or  on  the  gas,  the  temperature  in^»-7 
remain  unchanged  when  heat  is  imparled,  and  it  may  ev^" 
fall.     Conversely,  the  temperature  may  rise   while  heat    ts 
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■feeing  abstracted  from  the  gas,  as  in  the  case  of  ordinary 
air  compression. 

Suppose  that  the  gas  expands  isothermally  and  let^,^, 
Fig.  2,  represent  the  initial  temperature.  As  the  tempera- 
ture remains  constant,  the  ordinates  will  be  of  the  same 
length;  and  as  it  is  moved  to  the  right, 
the  end  A  describes  the  straight  line 
^B  parallel  to  M N.  If  the  gas 
expands  adiabatically,  its  tempera- 
ture falls;  and  according  to  the  defi- 
nition of  an  adiabatic  change,  no  heat 
is  conveyed  to  or  from  the  gas  as 
lieat.  This  expansion  is  represented, 
therefore,  by  a  contraction  of  the 
ordinate  from  At  A  to  A^B,  Fig.  3,  without  motion  horizon- 
tally. Since  no  heat  is  added,  the  area  swept  over  must 
t>e  zero. 

If  the  gas  in  expanding  follows  the  law  ^z*"  =  a  constant, 
as  explained  in  Heat^  Part  2,  and  n  lies  between  1  and  k^  the 
temperature  falls  as  heat  is  added;  for  if  «  =  1,  the  expansion 
^s  isothermal  and  heat  is  added  in  sufficient  quantity  to  main- 
*^«*>  constant  temperature;  and  if  n  =  k,  the  expansion  is 
^<iisbatic  and  no  heat  is  added.  Hence,  if  n  has  a  value 
D^t-ween  1  and  k,  some  heat  will  be  added,  but  not  enough  to 

maintain  a  constant  temperature.     If 

the  gas  is  compressed  according  to 

the  same  law,  the  temperature  rises 

and  heat  is  abstracted.     The  graphic 

representation   of   expansion   under 

these  conditions  is  shown  in  Fig.  4. 

Starting  with  the  ordinate  A^  A,  the 

ordinate  is  moved  to  the  right  and  at 

■^o-  *  the   same   time   shortened,  so  as  to 

*^<^w  the  decreasing  temperatures.     In  the  final  state,  B^B 

^t>re8ent3   the  final    temperature,   and    the    area  A.ABB^ 

^t*Tesents  the  heat  imparted  during  the  change  of  state.     In 


-jr 


tH 


»ni 


^  case  of  compression,  suppose  that  B,  B  represents  the 


^tial  temperature.    Since  heat  is  abstracted,  the  ordinate  is 
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moved  to  the  left  and  at  the  same  time  lengthened  to  show 
the  rise  of  temperature. 

3.  Aimlo(r>*  Between  Hc»at  Areas  nnd  Work  Areas. 
Repeated  examples  of  the  representation  of  work  by  areas 
have  already  been  considered.  The 
work  done  by  the  expansion  of  the 
gas  in  each  case  is  represented  bj 
the  area  lying  between  the  expansion 
°  curve  and  the  horizontal  axis.    The 

p,  ordinates    of    points    on    the   curves 

represent  pressures,  and  the  distances 
"''of  the  same  points  from  the  vertical 
P"*- *  axis  represent  the  corresponding 

volumes.  In  Fig.  5,  OP  and  OF  are  the  axes,  O^^J^  repre- 
sents the  initial  volume  of  a  gas,  OB,  the  final  volume,  and 
the  ordinates  .'Z,  A  and  5,  B  represent,  respectively,  the  initial 
and  final  pressures  /*,  and  P^.  In  expanding  from  state  .-1 
to  stale  B,  the  gas  does  external  work,  which  is  represented 
by  the  area  ^,  A  B  /f,  under  the  curve  A  R.  The  amount  of 
this  work  is  W,  which  is  equal  to  the  average  pressure  multi- 
plied by  the  increase  of  volume  ( I',  —  J^,). 

When  heat  is  represented  by  an  area,  the  ordinates  repre- 
sent temperatures  instead  of  pressures.  The  horizontal  dis- 
tances of  the  ordinates  from  some  ' 
assumed  axis,  O  T.,  Fig.  6,  represent 
the  changing  values  of  some  quantity 
that  has  not  yet  been  named.  The 
heat  imparted  is  represented  by  the 
area  A,  A  BR,.  Fig.  G,  below  AB, 
and  the  amount  of  heat  imparted  is 
Q  =  average  temperature  X  increase 
of  the  unnamed  quantity. 

Comparing  Figs,  h  and  6,  it  appears  that  heat  in  one 
diagram  corresponds  to  work  in  the  other,  that  temperatures 
are  analogous  to  pressures,  and  that  the  quantity  or  property 
whose  initial  and  final  values  are  represented  by  O  A^  and 
O/y,  in  Fig.  6  corresponds  to  the  volumes  in  Fig.  5. 
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4.  Entropy. — The  quantity  represented  by  the  horizon- 
tal dimensions  in  Figs.  1,  2,  4,  and  6  is  called  entropy. 
The  horizontal  distance  between  the  ordinates  representingf 
the  initial  and  Bnal  temperatures,  as  F,  Fig.  6,  is  the  chaiigo 
or  entropy.  In  the  initial  state  W.  Fig.  6,  it  is  assumed 
that  the  gas  has  definite  entropy,  represented  by  OW,;  in  the 
final  stale,  it  has  a  different  entropy,  represented  by  O  B^. 
The  actual  value  of  the  entropy  for  a  given  state  of  the  sub- 
stance is  not  important;  only  changes  of  entropy  enter  into 
heat  changes.  Thus,  in  Fig.  6,  the  location  of  the  point  0  is 
not  important;  the  essential  quantity  is  the  length  W,  i9,,  o^/^ 

Entropy  will  be  denoted  by  the  letter  N,  The  initial 
value  of  the  entropy  is  denoted  by  A\,  the  final  value  by  A',, 
and  the  difference  by  A^,  — A'^,.  In  Fig.  6,  for  example, 
A^  is  represented  by  Oj^i,  N,  by  OB^  and  A',  —  A^,  by 
Off.-OA,  =  .-/./?.. 

5.  Approximate  Calculation  of  the  Chancre  of 
Kntropy. — If  a  gas  is  heated  isothermally,  the  computation 
of  the  change  of  entropy  is  a  simple  matter.  Referring  to 
Fig.  2,  which  represents  the  isothermal  case,  the  heat  Q  is 
represented  by  the  area  A,ABB^,  the  constant  absolute 
temperature  T' by  .-;/,.'/,  and  the  change  in  entropy  A^, —A\ 
by  A,B,.  Thus,  area  A^ABB^  =  A^A  x  A,B,;  hence, 
Q  ^  TX  iN.-N^;  and 

A^.-A^.  =  -2 

that  is,  ifir  change  of  cn,tropy  is  the  quotient  obtained  by  divi' 
ding  (he  heat  added  to  the  gas  by  the  absolnte  fentperatnre. 

\Vlien  the  change  of  slate  is  not  isothermal,  the  tempera- 
ture varies  during  (he  heating,  and  the  preceding  formula 
cannot  be  used;  it  is,  however,  approximately  true  when  the 
change  of  entropy  is  small. 

6»     Kxact   Formula   for  Cliangre    of   Entropy. — The 

following  formula  gives  the  exact  change  of  entropy  when 
the  heat  is  added  according  to  some  definite  law,  so  that  the 
specific  heat  remains  constant  during  the  process.  It  can  be 
derived  only  by  the  use  of  higher  mathematics. 
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Let  Tx  ■=  initial  absolute  temperature; 

7",  =  final  absolute  temperature; 
s  =  specific  heat; 
O  =  weight  of  substance; 
JV,—//t  =  change  in  entropy. 

Then,  A^  -  A^,  -  2.3026  Gs  log  ^ 

For  solids  and  liquids,  the  values  of  J,  given  in  H^U 
Part  1.  are  to  be  used.  In  the  case  of  gases,  the  specific 
heat  depends  on  the  conditions;  for  heating  at  constant 
volume,  it  is  r,;  for  constant  pressure,  it  is  r,;  and  for  beat- 
ing during  an  expansion  following  the  general  law^i/"  =  a 
constant,  it  is  given  by  the  formula  found  in  Heat^  Part  2, 


s  =  c. 


«-  1 


Example.— Find,  by  the  exact  fnrnailn,  the  change  of  entropy  id 
heating  1  pound  of  water  from  an  initial  temperature  of  oOO^  to  DOO'', 
absolute,  the  speci5c  hcAt  being  1. 

SoLirriON.—     7\  =  500°,  T*.  =  iWd",  6^  =  1,  and  j  =  I.     Hence. 
JV,  -  A',  -  2.3026  X  1  X  I  X  log  m  =  2.302tJ  X  log  1.2  =  .1823.     Ans. 

7.     Construction  of  Teni|>eratnre-Kntro|»y  Curves. 

The  law  governing  the  simultaneous  changes  of  temperature 
and  entropy  is  expressed  by  the  formula  in  Art.  B,  and  is 
represented  graphically  by  a  curve,  as  shown  in  Tig.  1.  To 
obtain  this  curve,  it  is  necessary  to  take,  arbitrarily,  several 
temperatures  between  the  initial  and  final  temperatures  7*. 
and  Tt,  and  by  the  formula  calculate  the  change  of  entropy 
for  each  increase  or  decrease  of  temperature.  In  the  case 
shown  in  Fig.  1,  the  initial  temperature  is  represented  by 
Ay.A\  some  other  temperature,  as  Bx  /?,  is  then  chosen,  and 
by  the  formula  in  Art.  6  the  increase  of  entropy  A^  —  A\  is 
c.ilculated;  then,  choosing  a  scale  of  entropy,  .-^i  5,  is  laid 
off  to  represent  A',  —  A\  and  j?,  B  to  represent  the  assumed 
temperature;  then  iff  is  a  point  of  the  desired  curve.  Choos- 
ing another  temperature,  as  C,  C  .-/,  f,  is  computed  and 
another  point  Con  the  curve  obtained;  and  so  on  until  the 
required  number  of  points  arc  found. 
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As  the  curvature  of  temperature-entropy  curves  is  small, 
it  is  usually  sufficient  to  obtain  a  few  points  and  draw  a 
smooth  curve  through  them. 

8.  Kfflcloiicy  of  the  Carnot  Cycle. ^ — The  efficiency  of 
the  Carnot  cycle  is  readily  shown  by  a  temperature-entropy 
diacrram.  This  cycle  was  explained  in  Hrat^  Part  2.  Let 
A  BCD,  Fig.  7,  represent  the  heat  change  for  such  a  case. 
The  adiabatic  changes  are  re])resented  by  the  vertical 
lines  A  fi  and  C/?,  and  the  isothermal  changes  by  the 
horizontal  lines  DA  and  B C.  The  constant  entropy  during 
the  adiabatic  expansion  A  B  will  be  deiiuted  by  A',,  and  that 
during  the  adiabatic  compression  CD  by  A^.  The  constant 
temperature  of  the  expansion  DA  is  the  temperature  /",  of 
the  source,  and  that  ot  the  compres-  y 
sion  BC\^  the  temperature  7*.  of  the 
refrigerator. 

The  heat  Q^  rejected  to  the  refrig- 
erator during  the  compression  B  C 
is  represented  by  the  area  B  CFE\ 
hence,  Q^  —  area  BCFE  =  FC 
-KFE^T.y.  (A\  -  A\),  when  Q,  is 
the  heat  given  up  to  the  refrigerator. 

The  heat  Qi  absorbed  from  the 
source  during  the  expansion  DA  is  represented  by  the  area 
DAEF,  and  therefore  Q,  =  area  DAEF=  FDxFE 
=   7;x{A^.-M>. 

The  beat  transformed  into  work  is  the  difference  Q,  —  Q^ 
=  ( y.  —  T,)  (A^  — A'',),  and  is  represented  by  the  shaded 
area  A  BCD.  Then  the  efficiency  e  is  the  ratio  of  the  heat 
transformed  into  work  to  the  total  heat  added,  or 

,  ==  g.-g.  ^  (r.  -  ?;)  (A^-M)  ^  r.  -  r. 

That  is,  ike  efficiency  of  I  he  Carnot  cycle  is  the  ratio  of  the  range 
of  temperature  Ti  —  T,  to  the  temperature  'J\  of  the  source. 

9.  Maximum  Efflcleiicj'. — The  efficiency  of  the  Carnot 
cycle  is  greater  than  any  other  for  a  gas  expanding  accord- 
ing to  the  law  ^r"  =  a  constant.     For  any  expansion  other 
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than  isothermal  or  adiabatic,  the  value  of  »  lies  between 
1  and  X*. 

Assume  the  original  state  of  the  gas  to  be  represented  by 
the  point  A,  Fig.  8.  Let  the  gas  expand  isothermally  froin 
W  to  B.  The  heat  added  during  this  expansion  will  be  rep- 
resented by  the  area  A  B  G /•%  or  Q^.  If  the  gas  expands 
still  further,  and  a  quantity  of  heat,  q,  is  added,  but  not  in 
sufficient  quantity  to  maintain  constant  temperature,  the 
expansion  will  be  represented  by  some  such  line  as  BC, 
between  /?/and  BG,  and  the  heat. added,  q,  by  the  area 
BCNG,  Such  an  expansion  would  be  accordin£  to  the  law 
pv'  =  a  constant,  in  which  n  lies  between  1  and  k. 

From  C,  the  gas  is  compressed  isothermally  to  Z?,  so  that 

CD  shall  equal  A  B,  and  the  heal 
Qt^  equal  to  the  area  DCHF,  is 
given  up  by  the  gas.  Then  the 
gas  is  compressed  from  D  to  W, 
according  to  the  law  of  its  expan- 
sion from  B  to  C\  hence,  A  D  will 
be  analogous  to  BC,  and  the  heat 
EADF  that  the  gas  g^ives  up 
will  equal  the  heat  B  C H  (7,  or  q. 
The  shaded  area  A  BCD  is  then  i 
the  heat  which  is  transformed  into  useful  work. 

This  heat  is  equal  to  {{?.  -I-  q)  -  {Q,  -^  q)  =  Q,  ~  Q„  and 
the  ratio  of  this  heat  lo  the  total  heat  added  is  the  efficiency  ^ 

which  is  ^  =  %^^-.     But  %^2!  is  less  than   ^'~^'; 
13. +  ?  Q.-¥q  Q, 

hence,  th/  Camot  cycle  has  a  greater  efficiency  than  any  other 
cycle  in  which  expansion  and  compression  take  place  aecord' 
iti^  to  the  law  pv"  —  a  constant. 
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PROPERT1K8  OF  SATURATED  STEAM 

10.  Beliuvlur  of  t^aturatcd  Steam. — The  laws  gov- 
erning the  change  of  state  of  steam  or  of  any  vapor  in 
contact  with  the  liquid  from  which  it  is  formed  are  quite 
different  from  those  eoverniug  the  change  of  state  of  a  per- 
fect gas.  Generally  speaking,  the  laws  relating  to  vapors 
are  more  complicated;  they  are,  however,  of  very  great 
importance  because  of  their  appli- 
cation to  the  steam  engine,  refrig-  pdai 
erating  machines,  etc. 

To  gain  a  clear  idea  of  the  action  kUH 

of  steam  in  comparison  wllh  the 
action  of  a  perfect  gas,  the  process 
of  generating  steam  from  water 
must  be  understood.  Suppose  that 
a  cylinder,  Fig.  9  (a),  of  indefinite 
length  is  fitted  with  a  piston,  fat 
beneath    which    is    a   quantity   of  Fro. « 

water.  The  atmospheric  pressure  on  the  piston,  together  with 
the  weight  of  the  piston,  cause  a  definite  downward  pressure 
on  the  water.  As  the  piston  is  free  to  move  up  and  down, 
the  pressure  remains  always  the  same.  Let  heat  be  applied 
to  the  cylinder  and  the  contained  water.  The  temperature  of 
the  water  gradually  rises,  which  means  that  the  molecules 
of  the  water  vibrate  with  gradually  increasing  speeds.  The 
average  length  of  the  path  of  a  molecule  also  increases,  and 
on  the  whole  the  molecules  move  farther  apart,  as  is  shown 
by  the  slight  increase  of  the  vohime  of  the  water  as  the 
tempeiature  rises.  Finally,  the  vibrations  become  so  rapid 
that  the  pressure  on  the  lower  side  of  the  piston,  due  to  the 
impacts  of    the  molecules  near   the   upper   surface    of   the 
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water,  slightly  exceeds  the  downward  pressure;  in  con- 
sequence, the  piston  rises  a  little,  and  thus  leaves  a  space 
into  which  wiU  be  projected  those  molecules  that  are  moving 
with  the  highest  speeds.  As  more  heat  is  applied,  more 
molecules  break  loose  and  emerge  from  the  surface,  and  the 
piston  rises  to  make  room  for  them.  The  molecules  that 
are  thus  separated  from  the  body  of  the  water  form  the 
vapor  which  is  commonly  called  Htetiiu. 

It  is  found  that  for  a  given  pressure,  the  weight  per  cubic 
foot,  sometimes  called  the  density,  of  the  vapor  has  a  fixed 
unvarying  value  as  long  as  the  vapor  is  in  immediate  contact 
with  its  liquid.  Suppose  that  the  piston  rises,  as  shown  in 
Fig.  9  {d).  The  space  occupied  by  the  vapor  increases,  and 
it  might  be  supposed,  as  with  a  gas,  that  the  molecules 
would  separate  farther,  and  that  the  weight  per  cubic  fool 
would  decrease.  Such»  however,  is  not  the  case.  The 
extra  space  is  at  once  filled  with  molecules  from  the  liquid, 
and  the  weight  per  cubic  foot  of  the  steam  remains  the 
same.  If  heat  is  withdrawn  and  the  piston  descends,  the 
weight  per  cubic  foot  is  not  increased.  Molecules  of 
the  steam  pass  back  into  the  water,  or,  as  it  is  usually 
expressed,  some  of  the  steam  condenses,  so  that  the  number 
of  molecules  per  cubic  inch  or  per  cubic  foot,  is  the  same 
as  before. 

The  pressure  of  the  vapor  on  the  under  side  of  the  piston 
is  due  to  the  impact  of  the  molecules;  and  as  the  pressure 
remains  constant  and  the  weight  per  cubic  foot  remains  con- 
stant, it  follows  that  the  same  number  of  molecules  areu 
striking  the  piston  and  that  they  have  the  same  avcrag 
speed,  whatever  the  volume  of  the  vapor  may  be.  Thi^= 
means  that  the  temperature  of  the  vapor,  and  that  of  th^e 
liquid  also,  remains  constant. 

11.     Kfrect    or   Increased    Presfiiire. — If    the   pistoi — - 
Fig.  0.  has  a  weight  placed  on  it  so  its  to  increase  the  dowi^"^ 
ward  pressure  on  the  liquid,  it  is  evident  that  the  number  c^^ 
impacts  per  unit  of  time  must  also  be  increased  to  hold  th^ 
piston  in  equilibrium.     A  greater  number  of  molecules  ws-^ 
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Strike  a  unit  of  area  and  the  averagfe  speed  will  be  greater 
than  in  tlie  first  case.  As  before,  however,  the  number 
of  the  striking  molecules  and  the  average  molecular  speed 
are  the  same  for  all  positions  of  the  piston,  that  is,  for  all 
volumes. 

If  more  weight  is  added,  so  that  the  pressure  is  still 
further  increased,  the  number  of  molecules  per  unit  of 
volume  will  be  increased  and  the  average  speed  of  the 
molecules  will  be  still  greater. 

From  the  preceding  statements  may  be  derived  the  follow- 
ing principles: 

1.  SUam  at  a  given  pressure,  if  in  immediale  contact  with 
'atf.r^  that  is,  saturated  steam,  ran  have  hut  one  temperature, 
'or  every  pressure,  there  is  a  corresponding  temperature,  and 

vice  versa, 

2.  Under  the  same  conditions,  steam  at  a  given  pressure  can 
have  but  one  weight  per  cubic  itxtt.  For  every  pressure  there  is 
a  corresponding  definite  weight  per  cubic  foot. 

3.  The  greater  the  pressure  of  ifte  steam  the  higher  the  tern' 
perature  and  the  greater  tfie  weigfit  per  cubic  foot. 

Principles  1  and  2  are  contained  iu  the  fallowing  single 
statement:  The  temperature  and  weight  per  cubic  foot  of  satu- 
rated steam  depend  only  on  the  pressure  and  not  at  all  on 
*Ae  volume. 


12.     Saturated    Bteam. — Steam   in    immediate  contact 

?ith  the  water  from  which  it  is  being  generated  is  called 

saturated   tuteani.     If  not  in  contact  with   water,  as,  for 

Sxample,  in  the  cylinder  of  an  engine,  steam  is  still  saturated 

phen  its  temperature  is  the  same  as  that  of  boiling  water 

^subjected  to  the  same  pressure.     The  condition  of  saturated 

steam  is  such  that,  the  pressure  remaining  constant,  any  loss 

of  heat  will  be  followed  by  condensation. 

As  has  been  shown,  the  weight  per  cubic  foot  of  steam  in 
immediate  contact  with  water  is  kept  constant  by  the  passage 
of  molecules  from  the  water  to  the  vapor,  or  vice  versa. 
Referring  to  Fig.  9  {b),  it  is  seen  that  such  an  interchange  of 
ZQolecules  is  possible  as  long  as  there  is  any  water  left  in  the 
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cylinder.  If,  however,  the  water  is  wholly  evaporated,  as 
shown  in  Fig.  9  (<-),  and  raure  heat  is  added  and  the  piston 
is  raised  farther,  the  increase  of  volume  must  result  io 
an  increase  of  temperature  and  a  decrease  of  weight  per 
cubic  foot,  for  there  is  no  water  left  to  supply  the  steam  with 
the  additional  molecules  necessary  to  keep  the  temperature 
and  weight  per  cubic  foot  constant.  It  must  not  be  under- 
stood, however,  tliat  saturated  steam  is  wei  steam,  that  is. 
steam  containing  particles  of  water,  as  this  is  not  oecessarily 
the  case. 


13.  SuiHTheated  Steam. — Suppose,  now,  that  heat  is 
imparted  to  the  water  in  the  cylinder  of  Fig.  9  (a)  until  all 
the  water  is  evaporated,  as  shown  in  Fig.  9  (r).  If  more 
heat  is  added,  the  temperature  of  the  steam  will  begin  to  rise 
and  the  weight  per  cubic  foot  will  begin  to  decrease,  though  the 
pressure  remains  constant.  The  steam  no  longer  obeys  the 
laws  stated  in  Art.  1  1  but  a  law  resembling  that  for  a  perfect 
gas.  The  more  heat  is  added,  the  higher  the  temperature 
rises  above  the  temperature  of  the  saturated  steam  of  the 
same  pressure,  and  the  more  nearly  the  behavior  of  the  steam 
resembles  that  of  a  perfect  gas.  Steam  in  this  condition  is 
said  to  be  superheated. 

The  following  distinction  is  usually  made  between  saturated 
and  superheated  steam:  For  a  given  pressure,  saturated 
steam  has  one  temperature  and  one  weight  per  cubic  foot, 
neither  of  which  can  change  so  long  as  the  steam  remains 
in  immediate  contact  with  water.  Superheated  steam  at  the 
same  pressure  has  a  greater  temperature  and  less  weight  per 
cubic  foot  than  saturated  steam,  and  both  the  temperature 
and  weight  per  cubic  fool  may  vary  while  the  pressure 
remains  constant  if  the  volume  increases  or  decreases 
accordingly.  In  other  words,  both  the  pressure  and  the 
volume  of  superheated  steam  must  be  constant  in  order  to 
maintain  a  constant  temperature  and  a  constant  weight  per 
cubic  foot.  Hence,  superheated  steam  may  be  defined  as 
steam  at  a  higher  temperature  than  saturated  steam  and 
subjected  to  the  same  pressure. 
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14,  Beat  Required  for  Kvaporatlon  at  Different 
Pressures. — Suppose  that  the  piston  in  Fig.  9  is  loaded 
with  a  weight  sufficient  to  make  the  pressure  on  the  confined 
water  20  pounds  per  square  inch,  absolute,  and  let  the  initial 
temperature  of  the  water  be  32°  F.,  the  melting  point  of 
ice.  Assume  the  weight  of  the  water  to  be  1  pound.  Let 
heat  be  applied  to  the  water.  The  temperature  will  gradually 
rise  from  32°.  The  volume  of  the  water  will  decrease 
slightly,  until  the  temperature  reaches  39.1°  F.,  and  then 
will  increase  gradually,  though  almost  imperceptibly,  until 
the  temperamre  reaches  nearly  228°  F.  At  this  point, 
the  vibrations  of  the  molecules  of  the  water,  which  have 
become  more  and  more  rapid  as  the  temperature  has  risen, 
have  become  rapid  enough  not  only  to  overcome  the  force 
of  cohesion,  but  also  to  raise  the  piston  with  its  load.  The 
water  begins  to  change  to  the  gaseous  form,  or,  in  other 
words,  begins  to  become  steam.  The  temperature  now 
remains  at  about  228°,  or  to  be  exact,  227.95",  and  cannot  be 
raised  above  that  point  so  long  as  any  water  remains  in  the 
bottom  of  the  cylinder. 

It  is  desired  to  know  how  much  heat  has  been  imparted 
to  the  water  up  to  this  stale.  The  temperature  has  been 
raised  from  32°  to  227.95°.  If  the  specific  heat  of  water 
were  1  at  all  points  of  the  scale.  227.95  -  32  =  195.95  B.  T.  U. 
would  be  required.  By  experiment,  however,  it  is  found  that 
196.9  B.  T.  U.  arc  required,  the  discrepancy  being  due  to 
the  fact  that  at  The  higher  temperatures  the  specific  heat  of 
water  is  slightly  greater  than  1. 

After  heating  the  water  to  the  boiling  point,  suppose  that 
more  heat  is  added  until  all  the  water  is  turned  into  steam. 
Experiment  shows  that  954.6  U.  T.  U.  are  required  for  this 
purpose.  The  total  quantity  of  heat  required  to  change  the 
pound  of  water  at  S2°  into  steam  at  227.95°  is  therefore 
196.9  +  954.6  =  1.151.5  B.  T.  U.  At  the  end  of  the  process, 
it  is  found  that  the  pound  of  steam  occupies  a  volume  of 
19.91  cubic  feet. 

If  the  piston  is  loaded  differently,  so  that  the  pressure 
is   changed,   these   quantities    are   all  ditlereut.     Thus,  for 
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381.73" 


pressures  of  20.  60,   100,  and  200   pounds  pet  square  inch. 
absolute,  they  have  the  following^  values: 

Pressure,  pounds  per  square 
inch,  absolute 

Temperature  at  which  boil- 
ing begins 227.95' 

Heat  required  to  raise  water 
from  32"  to  the  boiling 
point,  in  B.  T.  U 

Heat  required  to  evaporate 
water,  in  B.  T.  \J.      ... 

Total  heat,  in  B.  T.  U.    .    . 

Volume  of  1  pound  ol  steam. 
Jn  cubic  feet 


20 


196.» 


1H.!)1 


261.9 

90B.3 

1,17I.L' 

T.OlMi 


100 


327.58" 


297.9 

1.1SI.9 
4.408 


354.6 

»43.a 
1.10S.4 

2.294 


A  study  of  these  values  shows,  in  a  general  way,  how  the 
quantities  vary  as  the  pressure  is  increased.  The  tempera- 
ture of  the  steam  is  higher  at  the  higher  pressures.  The 
heat  required  to  raise  the  temperature  of  the  water,  of 
course,  increases  as  the  final  temperature  is  increased.  On 
the  other  hand,  the  heat  required  to  change  the  water  at  the 
temperature  of  the  boiling  point  into  steam  at  the  same 
temperature  is  less  the  higher  the  pressure.  There  is  not 
much  difference  in  the  total  heat  required;  but  as  the  pres- 
sure rises  the  total  heat  increases.  The  most  marked  change 
is  in  the  volume  of  the  pound  of  steam.  The  relation  ^ 
between  the  pressure  and  volume  approximates  to  Boyle's  f 
law;  thus,  when  the  pressure  is  double,  the  volume  per  pound 
is  nearly  one-half. 

15.  Table  of  the  Properties  of  Hnturated  St«am. 
In  problems  connected  with  steam  engineering,  it  is  neces- 
sary to  use  very  frequently  some  or  all  the  quantities  men- 
tioned in  Ihe  preceding  article.  For  a  given  steam  pressure, 
the  temperature  or  the  volume  per  pound,  the  total  heal,  the 
heat  required  to  raise  the  temperature  of  the  water,  or  the 
heat  required  for  the  evaporation,  must  be  known. 

The  values  of  these  various  quantities,  and  of  some  others 
not  yet  mentioned,  have  been  determined  either  by  exi>eri- 
ment  or  calculation  for  a  wide  range  of  pressures,  and  these 
values  arranged  in  tabular  form  constitute  the  8teAm 
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found  at  the  end  of  this  Section.  In  the  following  para- 
graphs, each  of  the  properties  tabulated  is  considered,  and, 
as  far  as  practicable,  the  methods  used  in  determining;  the 
tabular  values  are  given. 
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16.     Relation  Bet'ween  Pressure  and  Temperature. 

The  temperatures  of  saturated  steam  corresponding  to  various 
pressures  were  determined,  experimentally,  by  the  French 
physicist,  Regnault.  The  experiments,  however,  were  made 
with  the  greatest  care 
and  accuracy  and  the 
results  are  gener- 
ally accepted  by  < 
engineers.  i? 

The  curve  in  Fig.  10  5 
shows,  graphically,  \ 
the  relation  between  n 
pressures  and  corre-  -5 
sponding  tempera-  S  . 
tures,  as  given  by  2 
Regnault's  experi-  ^ 
ments.  Pressures  f 
are  measured  along  [^ 
the  horizontal  scale 
and  temperatures 
along  the  vertical 
scale.  It  will  be  ob- 
served that  for  small 
pressures,  the  temperature  rises  rapidly  as  the  pressure 
increases;  but  at  the  greater  pressures,  those  exceeding  150 
pounds  per  square  inch,  the  increase  of  temperature  is  smaller 
for  a  corresponding  increase  of  pressure.  The  rate  of  increase 
is  shown,  graphically,  by  the  steepness  of  the  curve;  for  pres- 
sures under  50  pounds  per  square  inch,  the  curve  is  very  steep, 
showing  the  rapid  rate  of  increase  of  temperature;  while  for 
pressures  above  150  pounds,  the  curve  gradually  becomes 
more  nearly  horizontal,  showing  the  slow  rate  at  which  the 
temperature  rises. 
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The  form  of  the  curve  has  an  important  bearing^  on  the 

question  of  steam-eng:iue  economy.     It  has  been  shown  that 

T  ~  T 
the  fraction  -^-^ — *  measures  the  greatest  possible  eflSciency 

of  an  ideal  enG:ine.  As  T*  has  reached  nearly  the  lowest 
practical  limit,  increase  of  efficiency  must  be  effected  by 
raising  7"..  the  initial  temperature  of  the  steam.  Fig.  10. 
however,  shows  that  with  the  high  pressures  at  present  used, 
any  further  increase  of  7",  will  be  small  in  proportion  to  the 
increase  of  pressure.  Hence,  the  economy  in  the  use  of 
saturated  steam  is  limited  largely  by  the  strength  of  the 
material  that  forms  the  receptacle  for  the  steam. 

The  formula  given  by  Regnault  for  computing  the  pres- 
sures from  the  temperatures,  or  vice  versa,  is  complicated  ■ 
and  difficult  to  apply;  hence,  it  is  not  given.     The  following 
formula,  known  as  Rankine's  formula,  is  simpler  and  gives 
results  that  agree  quite  closely  with  Regnault's  experiments: 

Iog^-6.1007-2^30-?»M™ 

in  which  p  —  absolute  pressure  of   steam,  in   pounds  per 
square  inch; 
T  =  absolute  temperature,  which  equals  /  -f  460. 

ExAMPLB. — If  the  teniperalure  of  saturated  steam  is  290°  P.,  what 
is  the  pressure? 

Solution.—     7*  =  /  +  4(!0°  =  2W°  +  460"  =  750°.     Log/  =  6.1007 

2  7TO       till  fi70 

-  %Z.  -  -™  =  1.76084.  The  number  whose  logarithm  is  1.7aOM 
«  67.66;  hence,/  »  67.66  lb.  per  sq.  in.    Ans. 

17,     Illui^tratlons  of  the  Uso  of  the  Steam  Table. 

In  the  Steam  Table,  the  pressures,  in  pounds  per  square  inch, 
are  given  in  column  1  and  the  corresponding  temperatures  are 
given  in  column  2.  The  temperatures  are  calculated  from 
Regnault's  formula.  For  any  pressure  given  ia  the  table, 
the  corresponding  temperature  is  found  in  column  2  in  the 
same  horizontal  line;  for  a  pressure  lying  between  two 
pressures  in  the  table,  the  corresponding  temperature  must 
be  found  by  interpolation,  as  illustrated  in  the  foUowiag 
examples. 
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ExAMPLK  ].— Find  the  temperature  corresponding  to  a  pressure  of 
147  pounds  per  square  inch,  absolute. 

Solution.— Relerring  to  the  Steam  Table, 

for^  =  \50  lb.,  /  =  asfi.ai" 
and  for  ^  =>  145  lb.,  /  »  856.60° 

Difference.  5  lb.,  2.67* 

2  67* 

Difference  for  I  lb.  difference  of  pressure  Is    '    -  =  ..534°.    147  lb. 

—  145  lb.  =  2  lb.,  the  j^'ven  difference  of  pressure;  and  for  this,  the 
difference  in  temperature  is  2  X  .534°  =  1.068".  or  1.07",  taking  two 
decimal  places.  Hence,  the  increase  n(  2  lb.  from  145  lb.  to  H7  lb. 
is  accompanied  by  an  increa.se  in  temperature  of  1.07".  Therefore, 
adding  ihc  increase  1.07*  to  the  temperature  ;i55.5it°  corresponding  to 
145  lb.,  the  temperature  for  147  lb.  is  '.inTtJiif  +  1.07''  =  35«.fi0^     Ans. 

Example  2.^Tlie  pressure  in  a  steam  boiler  as  shown  by  the  gauge 
is  87  pounds  per  square  inch.     WImt  is  the  temperature  of  the  steam? 

Solution.— The  absolute  pressure  is  87  +  14.7  —  101.71b.  per  sq.  In. 
This  pressure,  In  the  Steam  Table,  lies  between  the  values  100  and  105. 
for/  =  105  1b.,  /  =  331.13* 
ror^  -  1001b../  -  327.58" 

Difference,  5  lb.,  3.55*' 

For   1   lb.  change  of   pressure,  The  difference  in   temperature  is 

"^    =.71".    Frt)mIOOIb.tol01.71b.,thcchangeof  pressurelsl.7lb., 

and  the  corresponding  change  of  temperature  is  .71**  X  1.7  =  1.207°, 
or  1.21°  as  the  values  in  the  Steam  Table  contain  but  two  decimal 
places.     For  101.7  lb.,  therefore,  the  temperature  is  327.68*  + 1.21* 

-  328.71)°.    Ans. 

ExAMPLB  3. — What  is  the  pressure  of  steam  at  a  temperature  of 
2S6*P.? 

Solution. — From  the  Steam  Table, 

for  /  =  285.72^,  /  =  54  lb. 
for  /  =  28:^.32".  ^  =  52  lb. 

Difference,  2.40°,  2  lb. 

From  /  =  283.32"  to  /  =  28.1",  the  increase  of  temperature  is  1.6S'. 
Now,  since  an  increase  of  temperature  of  2.40°  gives  an  increa.<ie  of  pres- 
sure of  2  lb.,  the  increase  of  1,08°  must  give  an  increase  of  pressure  of 

^^  X  2  lb.  =  1.4  lb.     Hence,  the  required  pressure  is  52  ib.  +  1.4  lb. 

*=^  53.4  Ib.    Ans. 
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RXAMIM.KS     FOn    PIL.VC-T1CK 

1.  The  temperature  of  steam  being  224°,  what  is  the  corresponding 
pressure  taken  from  the  Steam  Table?  Ans.  18.577  lb.  persq.  in. 

2.  Piod  the  pressure  in  example  1  by  nsiog  the  fortuula  in  Ait.  Itt. 

Ans.   18.537  lb.  persq.  in, 

3.  Find  the  pressure  corresponding  toe  temperature  of  312^:  (d)  by 

means  of  the  Steam  Table;  (AJ  by  the  formula  In  An.  Itt. 

Anc  /(^»  «0.23  lb.  per  sq.  in. 
^^""'Ufr)  80.15  lb.  persq.  itt. 

.    4.    Pind,  from  the  Steani  Table,  the  temperature  corresponding  to 
a  gange  pressure  of  21U  pouads  per  square  inch.  Ans.  391.6r 


18.  Tho  Enofg:}*  Kqtiatlon  Applied  to  tlie  Vapori- 
zation of  Water. — The  heat  imparted  to  a  substance  is 
expended  in  doing  three  kinds  of  work:  (I)  vibration  work: 
(2)  disgregation  work;  (3)  external  work.  {See  Heat, 
Part  I.)  This  statement,  of  course,  holds  true  for  the  ■ 
heat  imparted  to  1  pound  of  water  at  32°  F.  to  change 
it  to  steam  at  the  temperature  of  the  boiling  point. 

Taking  the  case  given  in  Art.  14,  1  pound  of  water  at  32° 
is  heated  to  227.5)5°,  the  boiling  point  under  the  given  pres- 
sure of  20  pounds  per  square  inch,  and  at  that  temperature  it 
is  changed  into  saturated  steam.  The  heat  required  for  the 
entire  process  is  1,151.5  B.  T.  U.  This  heat  is  divided  among 
the  three  kinds  of  work  mentioned. 

To  raise  the  temperature  of  the  water  from  32°  to  227.95° 
requires  It>6.9  B.  T.  U.;  hence,  of  the  total  heat  this  amount 
is  spent  in  performing  the  vibration  work,  that  is,  the  work 
of  increasing  the  temperature.  After  the  boiling  point  is 
reached,  no  more  vibration  work  is  done,  because  there  is  no 
fmlhcr  increase  of  temperature  until  the  water  is  all  changed 
to  steam.  The  remaining  954.6  B.  T.  U.  is  expended  in  dis- 
gregation  work  and  external  work.  To  find  how  the  heat  is 
divided  between  these  two  works,  it  is  necessary  to  deter- 
mine one  of  them.  The  external  work  is  easily  deter- 
mined; after  the  water  is  changed  to  steam,  its  volume  is 
19.91  cubic  feet,  while  the  original  volume  of  the  water  was 
about  .010  cubic  tool.     The  increase  in  volume  is  therefore 
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19.91  cubic  feet  -  ,016  cubic  foot  =  19.894  cubic  feet.  Refer- 
ring to  Fig.  9,  this  is  the  volume  that  the  piston  will  sweep 
through  in  passing  from  its  initial  to  its  final  position.  The 
expansion  of  the  steam  from  the  initial  to  the  final  volume 
has  been  effected  against  a  constant  pressure  of  20  pounds 
per  square  inch  =  20  X  H4  =  2,880  pounds  per  square  foot, 
and  the  external  work  done  is  therefore  M^  =  P{i\—  T',) 
or  2,880  X  19.894  =  57.294.7  foot-pounds.  The  heat  that 
must  be  expended  in  doing  this  work  is 
W 


J 


=  57,294.7  ^  17S.  =  73.6  B.  T.  U. 


Q  ^  A'  +  /?  + 


Subtracting  this  from  954.6  B.  T.  U.,  the   heat  left  for 

the  performance  of  disgregation  work  will  be  954.6  —  73.6 

=  881.0  B.  T.  U.     Hence,  of  the  1.151.5  B.  T.  U.  supplied 

for  the  entire  process,  881  B.  T.  U,  or  76i  per  cent,  of  the 

whole,  is  expended  in  separating  the  molecules  against  their 

mutual  attractions,  that  is,  in  changing  the  substance  from 

the  liquid  to  the  gaseous  state;  about  17  per  cent,  is  used  for 

doing  vibration  work,  that  is,  raising  the  temperature  and 

about  6i  per  cent,  is  used  to  do  the  external  work.     Hence, 

the  energy  equation  may  be  written  in  the  form, 

IV 

J 

in  wliich    Q  =  total  heat  imparted,  or  1,151.5  B.  T.  U. 

A'  =  vibration  work,  or  increase  of  kinetic  energy, 

or  196.9  B.  T.  U. 

Z?  =  disgregation  work,  or  increase  of   potential 

energy,  or  881.0  B.  T.  U. 
ur 
-^  =  heatequivalentof  external  work,or73.6B.T.U. 

19,  Definitions  and  Sj'nibols. —  It  would  be  quite 
practicable  to  use  the  symbols  Q,  JC,  etc.,  and  the  terms 
vibration  work  or  kinefic  energy,  disgregation  work  or 
potential  energy,  etc.;  but  in  connection  with  steam  and 
other  vapors,  special  symbols  and  special  names  for  the 
quantities  that  those  symbols  represent  are  generally  used. 

The  total  heat  of  satnfatcd  steam,  or  simply  the  total 
lieat,  for  any  given  pressure  is  the  number  of  beat  units 
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required  to  raise  the  temperature  of  1  pound  of  water  from 
82°  F.  to  the  boiling  point  for  the  given  pressure  and  change 
it  into  steam  at  that  pressure.  The  letter  H  is  used  to 
denote  the  total  heat. 

The  heiit  of  the  liquid  is  the  heat  required  to  raise  the 
temperature  of  1  pound  of  water  from  32°  to  the  boiling  point. 
It  is  the  vibration  work  or  increase  of  kinetic  energy  denoted 
by  K  in  the  general  equation.  The  special  symbol  used  for 
this  quantity  is  the  letter  q.  Sometimes,  the  expression 
»eiiHlble  heat  is  used  instead  of  heat  of  tlie  liquid. 

The  heat  of  vnpoplxutlon,  or,  simply^  llie  Intent  beat,  is 
the  heat  required  to  change  1  pound  of  water  at.  the  boiling 
point  into  steam  at  the  same  temperature;  it  includes  both  the 
beat  expended  in  disgregation  work  and  that  expended  in 
external  work.     The  symbol  r  is  used  for  this  quantity. 

The  liiifriial  1att<nt  heat  is  that  part  of  the  latent  heat 
that  is  expended  in  disgregation  work;  it  is  denoted  by  the 
letter  /. 

The  external  latent  heat  is  that  part  of  the  latent  heat 

that  is  expended  in  doing -the  external  work.     It  is  denoted 

Ph 
by  the  expression  — -■ ,  which  is  derived  as  follows:     The 

pressure  of  the  steam,  in  pounds  per  square  foot,  is  denoted 
by  P\  and  the  difference  between  the  volume,  in  cubic  feet, 
of  the  pound  of  steam  and  the  volume,  in  cubic  feet,  of  the 
pound  of  water  from  which  it  is  formed  is  denoted  by  u. 
The  external  work,  in  foot-pounds,  is  the  product  of  the  con- 
stant pressure  P  and  the  increase  of  volume  n,  that  is, 
W  =  Pw,  hence,  the  heat  required  for  the  performance  of 

Pu 
this  external  work  is  — — . 

The  entropy  of  the  liquid,  denoted  by  n,  will  be  dis- 
cussed later. 

The  siieclflo  volume  of  the  steam,  represented  by  V, 
is  the  volume,  in  cubic  feet,  of  1  pound  of  steam. 

The  weight,  in  pounds,  of  1  cubic  foot  of  steam  is  denoted 
by  the  symbol  w;  this  is  frequently  termed  the  density  of 
the  steam. 
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20i     ndatlons  Between  H^  q,  r,  /,  and  -—  . — The   fon- 


J 


iV, 


damental  energy  equation  Q  =  K  -{■  D  •{■  ~-  becomes,  when 
the  special  symbols  are  introduced, 

For,  by  definition, 
Q    ^  H    —  total  heat  imparted; 

K  —  q  =  vibration  work,  in  B.  T.  U.,  or  heat  of  the  liquid; 
D  ^  i  =  disgregation  work,  in  B.  T.  U.,  or  internal  latent 
heat; 


W 

J 


Pu 

J 


=  heat  required    for   external   work,   or  external 

latent  heat. 
When  the  internal  and  external   latent  heats  are  added 
together,  their  sum  is  the  heat  required  to  evaporate  the 
water  after  it  has  been  raised  to  the  boiling  point;  that  ia, 
it  is  the  heat  of  vaporization.     Then, 

(2) 


-^-9 


H= q+r 1 
r=  H-q\ 


(3) 


whence 

and  r  =  fi  —  q\ 

The  quantity  q  is  the  vibration  work  and  measures  the 
increase  of  kinetic  energy,  and  the  quantity  i'  is  the  disgre- 
gation  work  and  measures  the  increase  of  potential  energy. 
The  sum  q  +  i  is  therefore  the  total  increase  of  energy 
expressed  in  B.  T.  U.,  and  J[q  -H  i)  is  the  same  quantity 
expressed  in  foot-pounds.  WTien  1  pound  of  water  at  32°  is 
changed  into  steam  of  a  given  pressure,  tlie  pound  of  steam 
possesses  J{q  +  /)  foot-pounds  of  energy  more  than  the 
original  pound  of  water  at  32°.  Denoting  by  £"  the  energy, 
in  B.  T.  U.,  of  a  pound  of  steam  above  water  at  32^, 

E  ^  q  +  i 

Substituting  in  formula  1, 

^=^+~  (4) 


That  is,  the  lutal  heat  imparted  is  expended  in  increasing 
the  energy  by  the  amount  /:  and  in  dcjing  the  work  P u. 
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21.  Total  Heat. — The  total  heal  of  saturated  steam  at 
diflferent  temperatures  was  determined  experimentally  by 
Regnault.  The  following  formula  was  given  by  him  as 
representing  closely  the  results  of  his  experiments: 

H  =  1.081.94 +  .306/ 
in  which  /  denotes  the  temperature  of  the  steam,  in  degrees  F. 

Values  of  H  corresponding  to  different  pressures  are  given 
in  column  4  of  the  Steam  Table,  in  B.  T.  U.  per  pound. 

Owing  to  the  unavoidable  inaccuracies  in  the  most  careful 
experiments,  it  is  not  be  expected  that  the  values  given  in  the 
Steam  Table  are  reliable  beyond  five  significant  figures.  It 
will  be  observed  that  not  more  than  five  figures  are  given  io 
any  case,  and  in  some  of  the  columns  only  three  or  four 
figures  are  given.  In  giving  results  of  solutions,  therefore, 
no  more  figures  should  be  retained  than  arc  used  in  the  Steam 
Table. 

ExAMPLB  1. — Find,  from  the  Steam  Table,  thetolal  heat  of  aponod 
of  saturated  steam  at  a  pressure  of  63  pounds  per  square  inch,  gauge. 

Solution.— The  afcsolute  pressure  is  tW  +  14.7  =  77.7  pounds  per 
square  inch.     From  the  Steam  Table, 

for/  =  7R  lb.,  //  =  1.17fi.6    B.  T.  U. 
(or/  =  70  lb,  yy  =  1.176.0    R.  T.  U. 

Difference.    2  lb..  -fi    R.  T.  U. 

Difference,     I  lb.,  .26  R.  T.  IT. 

The  difference  between  the  given  presnurc  and  76  lb.  is  77.7  —  7fl 
o  1.7  lb.  For  a  difference  of  1.7  lb.,  the  change  of  total  heal  is 
1.7  X  .25  =  .425  B.  T.  U.  Hence,  for  77.7  lb.,  // =  1,176.0+  .425 
=  1,176.425,  fioy  IMK^A  B.  T.  U.     Ans.     ' 

Example  2. — Find  by  the  formula  the  total  heat  of  1  pound  o( 
saturated  steam  at  a  temperature  of  2<i7"  F. 

Solution-.— Using  the  above  formula.  // =•  1.0S1.94  +  .305  X  267 
=  I.lB3.y75  B.  T.  U.,  say  l,l«;i  ■»  B,  T.  U.    Ans. 

22.  Hi'Ht  of  th<'  T<li|ii!f1. — The  specific  heat  nf  water 
varies  slightly  at  different  lemperalures,  but  it  is  not  neces- 
sary to  take  this  variation  into  account  except  in  cases  tn 
which  extreme  accuracy  is  desired.  For  ordinary  calculations. 
sufficient  accuracy  is  obtained  by  lakint:  the  specific  heat  of 
water   as  1   throughout   the   entire   range   of   temperature. 
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Hence,  the  heat  required  to  raise  I  pound  of  water  from  32** 
to  a  temperature  i  is 

(?  =  i{i'-32)  =  1  X(/-32)  =  /~32  (1) 

In  other  words,  the  heat  of  the  liquid  is  found,  approxi- 
mately, by  subtracting  32  from  the  temperature.  If  more 
accurate  vahies  of  g  are  desired,  they  may  be  obtained  from 
the  Steam  Table. 

It  is  frequently  necessary  to  find  the  heat  required  to  raise 
1  pound  of  water  from  some  temperature  other  than  32", 
as  50°,  70",  or  110°,  to  the  boiling  point  and  evaporate  it 
at  the  boiling  temperature.  H  B.  T.  U.  are  required  if  the 
process  is  started  at  the  initial  temperature  32''.  If,  instead, 
the  process  is  started  at  some  initial  temperature  /  higher 
than  32°,  the  heat  required  in  the  process  is  evidently  less 
than  H  by  the  quantity  of  heat  required  to  raise  the  temper- 
ature of  the  pound  of  water  from  32°  to  A  As  has  been 
shown,  the  number  of  B.  T.  U.  required  for  this  purpose  is 
approximately  /  —  32;  hence,  the  total  heat  for  the  process  is 
H-  (/-32)  =  //-/  + 32  (2) 

ExAMPiJE  1. — What  quantity  of  hent  is  required  to  raise  theteraper- 
ature  o(  1  pound  of  water  from  32"  to  212"? 

SoLlfTiON.— Prom  formula   1 ,  7  =  212  -  32  =  180  B.  T.  U.     Ans. 

ExAilPl.K  2.  —  Feedwater  enters  a  steam  boiler  at  a  temperature  of 
6«*i°  P.;  the  pressure,  as  registered  liy  the  gauge,  is  80  pniinds  per 
square  inch.  How  much  heat  is  required  to  heat  1  pound  of  this  feed- 
water  to  the  boiliug  point  aad  evaporate  it? 

Solution. — For  a  pre^ure  of  S0+  I-I.7  =  iM.7  lb.  absolute,  //.  by 
interpnlatiDK  from  the  Steam  Table,  is  1.180.6  B.  T.  U.  The  heat 
required  is  therefore 

H-i-\-'i2  =  1,180.0-65  +  32  =  1.H7.6B.  T.  U.    Ans. 

33.  Heat  of  Vaporization. — From  formula  3  of 
Art.  20,  r  =  ff  —  q.  Having  determined  //"and  g  from  the 
formulas  in  Arts.  21  and  22,  the  value  of  ;- may  be  found 
by  subtraction.  In  the  Steam  Table,  column  3  contains  the 
heat  of  the  liquid  and  column  5  the  heat  of  vaporization,  in 
B.  T.  U.  per  pound  of  steam,  for  the  pressures  tabulated.  It 
will  be  observed  that  the  values  in  column  5  are  obtained  by 
merely  subtracting  those  in  column  3  from  those  in  column  4. 
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24.     External  and  Internal  Intent  Heat. — The  heat 


of  vaporization  r  is  divided  into  two  parts: 


J 


the  hut 


required  for  external  work;   and  r,  the  internal  latent  heat 
Since,  from  Art.  20,  r  =  i  +  ^,  x  =  r  -  ^. 

In  the  Steam  Table,  the  volume  V  oi  ^  pound  of  steam  is 

given  in  column  9.  By  subtract- 
ing m,  the  volume  of  a  pound 
of  water,  from  K,  the  difference  u 
is  obtained.  From  column  I,  the 
pressure  is  obtained,  in  pounds 
per  square  inch;  hence,  the 
external  latent  heat  is 

J  778 

For  example,  by  taking  apres* 
sure  of  40  pounds  per  square 
inch,  absolute,  the  volume  of  1 
pound  of  steam  from  column  9 
is  10.37  cubic  feet.  At  ordinary 
temperatures,  the  volume  w  of  1 
pound  of  water  is  .016  cubic  foot, 
but  at  higher  temperatures  it  is 
slightly  increased,  and  may  be 
taken  as  .017  cubic  foot.  Hence, 
u  =  y  -  m  =  10.37  -  .017 
-  10.353  cubic  feet,  and  the 

external  latent  heat  is  ^"^AA? 

FreMUTft  in   pounda  •' 

p*T  «9u«re  i«^A  144  X  40  X  10.363 
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=  76.7 


B.T.U.,  which  is  the  value  given  in  the  Steam  Table  for  a  pres- 
sure of  40  pounds.    The  heat  of  vaporization  r  is  927  B.  T.  U.; 

therefore,  the  internal  latent  heat  is  i'  =  r ,    =  927  —  76.7 


J 


860.3  li.  T.  U- 


Pu 

In  the  Steam  Table,  i  and  — --,  in  B.  T.  U.  per  pound,  are 

'  tabulated  in  columns  6  and  7,  respectively. 


25. 


CarTcs  for  //,  y,  r,  i,  and  —  -. — The  variation  of 

J 

the  total  heat,  heat  of  the  liquid,  etc.  with  the  pressure  is 

shown  by  the  curves  of  Fig.  11.     The  pressures  are  laid  ofiE 

on  the  horizontal  base  line  and  the  different  quantities  of 

heat  Hy  g,  r,  etc,  are  erected  as  ordinates. 

26.  Entropy  of  the  Liquid. —The  addition  of  the 
heat  ^  to  the  water  in  raising  the  temperature  from  32°  to 
the  boiling  point  is  accompanied  by  an  increase  of  entropy. 
The  process  of  heating  the  water  is  shown  graphically  in 
Fig.  12.  The  ordinate  FA  repre-  y 
sents,  to  some  scale,  the  initial  abso- 
lute temperature  32°  +  460"=  =^  492°, 
and  the  ordinate  £B  represents,  to 
the  same  scale,  the  absolute  tempera- 
ture of  the  boiling  point.  Starting 
with  FA,  move  the  ordinate  to  the 
right  and  at  the  same  time  lengthen  ^ 
it  in  such  a  way  that  the  length  of  the 
ordinate  always  represents  the  absolute  temperature  of  the 
water,  while  the  area  swept  over  from  the  beginning  repre- 
sents the  heat  that  has  been  imparted.  The  end  of  the  ordi- 
nate travels  along  the  curve  .-//?,  arwi  the  area  AFiEF 
between  this  curve  and  the  axis  ON  represents  the  heat  of 
the  liquid  q\  that  is,  the  heat  imparted  in  raising  the  tempera- 
ture from  32°  to  the  boiling  point.  The  horizontal  distance 
FE  through  which  the  ordinate  moves  represents  the  increase 
of  entropy  during  the  heating  of  the  water.  This  increase  is 
called  the  entropy  of  the  liquid. 

Accurate  computations  of  the  entropy  of  the  liquid  arc 
made  by  the  method  explained  in  Art.  6. 

For  water  the  specific  heat  s  varies  slightly  at  different 
temperatures,  and  for  exact  results  the  variation  must  be 
taken  into  account. 


Pir..  I'.' 
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In  the  Steam  Table,  the  values  of  the  entropy  of  the  liquid 
for  the  different  pressures  are  given  in  column  8. 

27.  Entropy  or  Tlio  Ntenni. — In  Fig.  12,  the  point  B 
represents  the  state  of  the  water  at  the  boiling  point  before 
any  of  it  has  been  changed  to  steam.  Up  to  this  i>oint,  the 
heat  g  has  been  added.  The  second  step  in  the  process  is 
the  vapori7,ation  of  the  water  at  the  constant  temperature 
represented  by  /i I^.  During  this  process,  the  heat  of  vapor- 
ization r  is  imparted;  hence,  to  represent  this  addition  of 
heat  at  constant  temperature,  the  ordinate  E  fi  is  moved  to 
the  right,  keeping  it  the  same  length,  since  the  temperature 
does  not  change,  until  the  rectangular  area  swept  over  rep- 
resents r  to  the  same  scale  that  urea  A  R  F.F  rei^resents  q. 
Suppose  that  D  C  is  the  final  position  of  the  ordinate;  then 

r  ^  area  BCDE  =  EBxBD  =  TxED.und  £/>  =  j. 

Hence,  the  increase  of  entropy  during  vaporization  is  obtained 
by  dividing  the  heat  of  vaporization  r  by  the  absolute  tem- 
perature T  at  which  the  vaporization  occurs. 

The  total  change  of  entropy  N  from  the  initial  state  A,  of 
water  at  S'i**.  to  the  tinal  stale  C  of  steam  at  the  temperature 
of  the  boiling  point,  is  called  the  eutropy  or  the  steam,  and 
is,  of  course,  represented  by  fD.     Now,  FD  =  FB  +  ED; 

FE  =  n,  and  ED  =  ^\   hence,  the  entropy  of  the  steam 

T 
The  entropy  of  the  steam  is  not  given  in  the  Steam  Table, 
but  as  «,  r,  and  7' can  be  found  for  any  pressure,  the  entropy 
can  easily  be  calculated. 

ExAMFLK.— CatciiUtc  llie  entropy  of  sniurntec]  steam  for  a  pressure 
of  *iOO  pounds  per  square  inch,  absniule. 

Solution.— From  the  Steam  Table,  /  =  3HI.73,  r  ^  843.8.  and 
H  -  .6429.     Thou, 

38.  Specific  Volmiu*  of  sicntu. — The  volume  K  of 
1  pound  of  saturated  steam  at  different  pressures  is  given  in 
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column  9  of  the  Steam  Table.  The  values  of  f  have  been 
determined  by  experiment  and  also  by  ealculation.  The 
results  from  the  different  methods  agree  well,  but  those 
obtained  by  calculation  are  considered  the  most  reliable. 

29.  Weight  or  t^aturated  6teum. — The  weight  of 
saturated  steam  in  pounds  per  cubic  foot  for  the  different 
pressures  and  temperatures,  is  given  in  column  10  of  the 
Steam  Table. 

The  weight  is  the  reciprocal  of  the  specific  volume.  For 
example,  1  pound  of  steam  at  44  pounds  absolute  pressure 
occupies  a  volume  of  9.484  cubic  feet;  therefore,  1  cubic  fool 

1 


of  steam  at  44  pounds  pressure  must  weigh 


»  .1054 


9.484 

pound.     Evidently,  the  values  in  column  10  may  be  obtained 
by  taking  the  reciprocals  of  those  in  column  9. 

30.  ExHiripleH  In  the  Use  of  tlio  Btenni  THble.— The 
following  examples^  in  addition  to  those  already  given, 
illustrate  the  use  of  the  Steam  Table.  These  should  be 
studied  carefully,  and  all  the  Examples  for  Practice  that 
follow  the  illustrative  examples  should  be  solved. 

It  must  always  be  borne  in  mind,  in  using  the  Steam 
Table,  that  the  pressures  are  rcL-kontrU  from  vacuum,  and 
not  from  atmospheric  pressure.  That  is,  14.7  pounds  must 
be  added  to  all  gauge  pressures  to  make  them  available  for 
use  iu  the  Steam  Table.  Again,  the  heat  of  the  liquid,  the 
total  heal,  and  the  latent  heat  are  calculated  from  32°  F., 
not  from  0°  F.  A  great  deal  of  trouble  will  be  saved  by 
remembering  these  points. 

Example  1. — Find  the  licat  reqtiired  to  change  6  pounds  of  water 
at  3-"  iato  steam  at  R4  p»mnOs  pressure,  absolute. 

Solution. — The  tntal  heat  of  1  lb.  at  84  lb.  pressure  is  froin  eol- 
umn  4,  by  interpolation,  1,178.1  R.  T.  U..  nearly. 

1.178.1  xe  =  7,0(tft.6B.  T.  U.    Aos. 

ExAMPLK  2  —I tow  many  heat  units  are  required  to  raise  )H  pnundi 
of  water  from  :12''  to  eJiO"  F.? 

SoLifTio.N. — Looking  in  cihimn  3.  thts  heat  of  1  lb.  of  water  at 
250.27'  is  seen  to  be  219  4.  Hence,  the  value  of  y  for  250"  will  be 
practically  2111.4  -  .27  =  gJtt.lS  B.  T.  U.,  since  for  an  increase  of  1" 


i 
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in  the  temperature  of  the  water  approxi mutely  1  B.  T.  U.  is  re<iQlred. 
Then,  for  8^  lb.,  the  heat  required  is 

2IJt.l3  X  Mi  =  l.Kt(2.ti  B.  T.  U.    Ans. 

ExAUPLS  3.— How  many  foot-pounds  of  work  will  be  required  to 
change  tV>  pounds  of  wute-r  at  the  temperature  correiipouding  to  the 
boiling  pdint  under  a  pressure  of  Hfl  pounds,  ahftolute,  into  steam  at 
the  same  temperature? 

Solution. — Looking  in  column  h,  the  latent  heat  of  vaporization,  r. 
IK  896.«:  that  is.  it  takes  896.6  B.  T.  U.  to  change  1  lb.  of  water  at 
60  lb.  into  steam  at  the  same  pressure.  Therefore,  it  takes  895. ti  x  ffi 
=  53.73H  B.  T.  U.  to  jierfonn  the  same  operation  with  (iO  lb.  of  water. 
The  work  required  is  therefore 

«•  ^  Jr  ^  53.7:i6  X  7T8  =  41.800.608  ft.-lb.    Ans. 

Example  4. — Find  the  volume  occupied  by  14  pounds  of  steam  at 
30  pounds  gauge  pressure. 

Solution.— Absr>latc  pressure  -30+  U.7  «  44.7  lb.  per  sq.  in. 
From  the  Steam  Table, 

for/  -  44  1b..  y  »  9.484  cu.  ft. 

for  /  -  4fi  lb.,  r  »  9.097  cu.  ft. 

Diflfereuce,    21b..  .387  cu.  ft. 

The  difference  for  1  lb.  is  '^~    =  .li«o.     44.7  -  44  =  .7  lb.   actual 

difference  in  pressure.  .1935  X  -7  =  .135  difference  in  volume.  As 
the  pressure  increases,  the  volume  dccre.iscs;  and  to  obtain  the  vol- 
ume at  44.7  Ih.,  it  is  necessary  to  subtract  the  difference  .135  from  ihe 
volume  at  44  lb.;  thus,  lov  p  =  44.7.  r=  9.484  ~  .\2h  =  9.349  cu.  ft. 
The  volume  of  14  lb.  is  14  x  9.349  cu.  ft.  =  130.89  cu.  ft.     Ans. 

ExAHPLS  5. — Kind  the  weight  of  40  cubic  feet  of  steam  at  a  tem- 
perature of  2.VI''  F. 

SoLUTtoK.— From  column  10  of  the  Steam  Table,  the  weight  w  of 
1  cu.  ft.  of  steam  at  253.9H  is  .OTKl'O  lb.  2^4  -  253.08  =  .02.  Neglect- 
ing the  .02",  the  wtight  nf  40  cu.  ft.  is  Ihcrefore  .07820  X  40  =  3.128  lb. 

Ans. 

Example  6. — How  many  pounds  of  steam  at  84  pounds  pressure, 
absolute,  are  required  to  raise  the  temperature  of  300  pounds  of  water 
from  40"  to  130°  P.,  the  water  and  steam  being  mixed  together? 

Sor.UTioN.— The  number  ui  heat  units  reqiiired  to  raise  1  lb.  from 
W  to  Klft^  is  VMf  -  W  =  !»0  It.  T.  U.  Actually,  a  little  more  than  90 
would  be  required,  hut  Ihe  above  is  near  enough  for  all  practical  pur- 
poses. Then,  to  raise  :iOti  lb.  from  40''  lo  130''  requires  TO  x  300 
=  27.000  B.  T.  U.  This  quKiilily  of  heat  must  [ieces.»iarily  come  from 
the  steam.  Now,  1  lb,  of  steam  at  ('4  lb.  pressure  gives  up,  in  con- 
densiog,  its  latent  heat  o(  vaporiiuitiou,  or  904i.2  &.  T.  U.;  but.   In 
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addition  to  its  latent  lieat,  each  pound  of  steam  oa  condensing  must 
give  up  an  additional  amount  of  heat  in  falling  to  130°.  Since  the 
original  temperature  of  the  sicam  was  21H».74''  F.  (see  Steam  Table), 
each  pound  gives  up  by  its  fall  uf  temperature  296-74  —  K'iO  =  166.74 
B.T.U.     Consequently,  each  pound  of  the  steam  gives  up  a  total  of 

27.000 
1.072.94 
will  therefore  be  required  to  accomplish  the  desired  result.    Ans. 


906.'' +166.74  =  1,072.1)4  B.T.  U..  and 


=  Si^.ltt  lb.  of  steam 


EXAMPLES     FOR     PRACTICE 

I.     Find  the  total  heat  of  25  pounds  of  saturated  steam  at  a  gauge 

pressure  of  113  pounds  per  square  inch.      Ans.  2^,GH5  B.  T.  U.,  nearly 

.  2.     Find,   from  the  Steam  Table:     (a)   the  internal  latent  heat  of 

1  pound  of  steam  at  a  pressure  of  90  pounds  gauge;   (A)  tlic  external 

latent  beat;  (r)  the  entropy  of  the  liquid. 


\{a)  800  B.T.U..  nearly 
AnR.{{6)  81.4  B.T.U.,  nearly 
l(r)    .4777 


3.  What  is  the  latent  heat  of  vaporization  ctirrespimrling  to  a  pres- 
sure of  86  pounds,  absolute?  Ans.  Hf2.(>  B,  T.  U. 

4.  Find,  from  the  Steam  Table,  the  heat  of  the  liquid  of  10  pounds 
of  water  at  a  temperature  of  297.6°.  Ans.  2,070.9  B.  T.  U. 

5.  What  is  the  latent  heat  of  vaporization  of  the  water  in  example  4  ? 

Ans.  9.te6  B.  T.  U. 

6.  How  many  B.  T.  U.  are  required  to  convert  25  pounds  o!  water 
at  S2*  into  109.«  cubic  feet  of  saturated  steam?       Ans.  29..S30  B.  T.  U. 

7.  Find  the  number  of  heat  units  required  to  change  11  pounds  of 
water  at  dC  into  steam  at  100  pounds  absolute  pressure. 

Ans.  12.»03  B.  T.  U.,  nearly 

8.  Find  the  weight  of  712  cubic  feet  of  steam  at  a  pressure  of 
33  pounds,  gauge.  Ans.  81  )b.,  nearly 

0.  How  many  pounds  of  steam  at  47. .t  pounds  pressure,  gauge,  are 
required  to  raise  130  pounds  of  water  from  ^°  to  160°  at  atmospheric 
pressure?  Ans.  12.07  lb. 

10.  Find  the  volume  of  19  pounds  of  steam  at  a  temperature 
of274^  Ans.   177,27  cu.  ft. 

STRAM    AND    WATER    MIXTURES 

31.  Total  Heat  of  a  Mixture-. — Suppose  that  1  pound 
of  water  is  placed  in  a  cylinder,  as  in  Fig.  9,  and  that  heat  is 
applied  to  it  until  a  part,  but  not  all.  of  the  water  is  changed 
to   steam,  as  shown  in  Fig.  9  (().     Let  the  weight  of  the 
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water  that  is  changed  to  steam  be  denoted  by  x;  then  1  —  t 
will  denote  the  weight  of  water  that  remains  in  the  liquid  slate. 
If  ihe  total  weight  of  the  mixture  is  G  pounds,  then  Ox 
denotes  the  weight  uf  the  steam  and  6^(1  ~  x)  the  weight 
of  the  water.  Evidently,  jt  is  a  proper  fraction — the  fraction  j 
of  the  whole  weight  that  exists  as  steam;  thus,  if  one- 
fourth  of  the  whole  weight  is  evajwrated.  .v  =  i  or  .25,  or 
25  per  cent. 

To  heat  1  pound  of  water  at  32°  from  the  initial  state  to 
the  final  state,  in  which  the  pari  x  is  steam  and  the  part 
(1  — -v)  is  water,  requires  how  much  heat?  Evidently,  the 
same  heat  g  is  required  to  raise  the  temperature  of  1  pound 
of  water  from  32°  to  the  boiling  paint,  whether  all  or  only 
a  part  is  evaporated;  hence,  <;  B.  T.  U.  must  be  imparted. 
To  evaporate  the  whole  of  1  pound  of  the  water,  the  addi- 
tional heat  r  B.  T.  U.  must  be  supplied;  hence,  to  evaporate 
the  fraction  x  of  it,  only  xr  B.  T.  U.  are  required.  There- 
fore, the  heat  required  per  pound  is  (/-^xr;  and  for  C 
pounds,  it  is 

Q  =  (7{g  +  xr)  j 

KxAMPt.E  1. — How  mauy  B.  T.  U.  are  required  to  raise  the  tem- 
perature o(  iH)  pounds  uf  wnter  from  .lli"  to  ilje  boiling  point  aod 
evaporate  tiO  per  cent,  of  it  at  a  pressure  of  210  pounds  per  square 
inch,  absolute? 

Solution. — From  the  Steam  Table,  for  the  given  pressute. 
g  =  .'«i8.fl  B.  T.  U.  and  r  =  K40.7  B.  T.  U.,  x  =  .BO,  and  C  =.  3); 
hence, 

Q  »  30  X  1358.9 -H  .Oil  XW0.7)-  17,2tW.4  B.  T.  U.    Ana. 

ExAMHt-E  2. — One  pound  of  mixture  at  fiO  pnunds,  absolute,  contains 
3  per  cent,  water:  [a)  If  it  chniiKes  into  water  nt  110",  how  many 
B.  T.  U.  will  Ije  K'ven  up?  {f/\  How  manv  pounds  of  this  mixture 
would  need  to  be  run  into  'JW  pound5  of  water  at  5U''  to  raise  Uie 
temperature  of  tbc  water  to  110°? 

Koi-UTioN.  — (a)  Substituting  in  the  formula  the  values  frora  the  Steam 
Table.  (]  =  1  (2ttl.V  +  .97  X  m^'A)  ^  l.lCi.M  H.  T.  V.  in  changing 
to  water  at  li'J".  the  pound  of  mixture  gives  up  l,U3.n  B.  T.  U.;  but 
in  cbanKing  tn  water  at  lit)'',  it  xives  up  IHI  —  H'i  =  78  B.  T.  U.  less. 
or  I.H3,W  -  7K  =  l.fX^'i.ll  B.  T.  U.    Ans. 

(A)     To    raise    '2(XI    lb.     of    %vnter     from     ■»fl°    It.    IlC*    requires*^ 
200  X{I10  -  66)  =  lO.HOO  B.  T.  U.     Since  each  pound  of  the  mixton*^^ 
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gives  up  1.065.9  li.  T.  U..  lO.SOO  +  I,{J<>J.H  =  10.13  lb.  of  steam  would 
|je  required.    Ans. 

32.  Volume  of  a  Mixture. — Since  1  pound  of  saturated 
steam  has  a  volume  denoted  by  K,  the  weight  G  x  of  steam 
has  a  volume  of  G  x  V.  The  volnme  of  G{\  —  x)  pounds  of 
water  has  the  volume  G{\  ~  x)  m,  where  ?«.  as  usual,  denotes 
the  volume,  in  cubic  feet,  of  1  pound  of  water.  According 
to  Art.  24,  in  steam  prohlems,  the  value  of  w/  is  generally 
taken  as  .017.     The  total  volume  of  the  mixture  is,  therefore, 

r=  Gx  y  -k-  G{\  *-  x)  m  ^  Gxy-^Gxm-^-Gm 
■=  G xiy  "  m)  ^  G m 
But,  y  —  m  ^  «.     Hence, 

p  •=  G xu  -\-  G m  =  (7 (x K  +  w ) 
The  volume  of  1  pound  of  the  mixture  is  evidently  jrw  +  w 
or  x{V—  to)  +»i  =  j:  V  ■\-  m{l  —  x). 

Example.— What  is  the  volume  of  the  10.13  potinds  of  the  mixture 
i  n  example  2  of  Art.  31? 

SoLirriON.—     G  =  10.13,    x  =   .97,    w  =    r-  w  =  T.Oflfl  -  .017 
»  7.079,  and  m  =  .017;    hence,  using  the  above  formula, 
p  -  10.13 (.97  X  7.07fl+  .01")  -  «:3.73  cu.  ft.    Ani. 

33.  Euerjo'  of  a  Mixture. — Of  the  total  heat  supplied 
to  1  pound  of  mixture,  part  is  expended  in  increasing  the 
energy  and  part  in  doing  external  work.  The  volume  of 
1  pound  of  the  mixture  is  jf «  -*-  vi.  and  that  of  the  water  in 
the  initial  state  is  m;  therefore,  the  increase  in  volume  is  xu 
•\- m  —  m  =*  xu,  and   the  external   work  done  is  PXxu 

Pxu 


=  Pxn.     The  heat  required  for  this  work  is 


J 

s  g  -\-  xr,  the 

the  heat 


IS 


Since  the  total  heat  supplied  per  pound 

difference,    q  •\-  x  r  —  — .—  =  q  +  x  ir 1 ,   i 

expended  in  the  increase  of  energy,  expressed  in  B.  T.  U. 
iVow.  r  —  —^  =  I*,  from  formula  2  of  Art,  20,  and  the 


'acrease  of   energy    is  therefore    {q  ^  x i)    B.   T.   U.     For 
^  founds  of  mixture  the  increase  of  energy  is  given  by  the 

E  =  CKq^xi) 

173  -22 
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i 
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I 


EXAUPLB  1.— Calculate  the  energy  above  that  o(  water  at  X" 
coDtained  in  5  pounds  of  a  mixture  of  steam  and  water  at  ItiO  pouads 
pressure,  absolute;  the  mixture  is  70  per  cent,  steam.  Give  results 
in  B.  T.  U.  aod  also  in  foot-pounds. 

Solution. — Rererring  to  the  Steam  Table,  at  the  given  prepare 
f  a  336.4,  and  i  =  774;  hence,  from  the  formula, 

£  -  5  X  (336.4  +  .70  X  774}  =  4.386  B.  T.  U.     An». 
Also.  £  -  4.38fl  X  778  =  3,412,308  ft.-lb.    Ans. 

Example  3.— A  volume  of  6  cubic  feet  of  a  mixture  that  is  SO  par 
cent,  steam  and  the  pressure  of  which  is  CO  pounds  per  Bquare  inch, 
absolute,  ezpands  until  its  pressure  reduces  to  40  ponods,  absolute; 
in  the  Hoal  stale,  the  mixture  contains  75  per  cent,  steam.  Colcntate: 
(a)  the  weight  of  the  mixture;  (6)  the  final  volume;  (c)  the  energy 
above  32*'  in  the  first  state;  (d)  the  energy  above  32°  in  the  second 
state;  (c)  the  change  of  cacrg>'  in  foot-pounds. 

Solution. — (a)  The  volume  of  1  lb.  of  the  mixture  under  the  given 
conditions  is,  by  the  formula  in  Art.  32, 

jt  (-'-♦-«  [I  -X)  =. 80  X  7.096 +. 017  X  (<  -.80)  -  5i68cn.  ft. 
hence,  the  weight  of  6  cu.  ft.  is  6  -i-  5.68  •>  .8803  lb.     Ans. 

id)     In  the  second  stale,  the  volume,  from  the  formula  in  Art.  38,  Is 

V  »  .Sim  X  [.IT,  (10.37  -  .017)  +  .017]  =s  fl.86  cu.  ft.     Ans. 
(c)     In  the  first  state,  ^  »  361.9  and  /  ^  830.7;  hence,  from  cheabov* 
formula, 

5,  =  .8803  X  (261.9  -f  .80  X  830.7)  ^  816.68  B.  T.  U.    Ana. 
{d)    In  the  hna\  state.  ^  »  236  4  and  i  »  860.3;  hence, 

£".  =  .8«03  X  (i3ti.4  +  .76  X  850.3)  »  7«».4»  B.  T.  U.     Aas. 
(e)     The  decrease  of  energy  is 
815.66  -  760.49  -  46.07  B.  T.  U,.  or  40.07  X  778  -  36,842  ft.-lb. 

Ads. 

34.  Entropy  of  a  Mixture. — According  to  Art.  27^ 
the  entropy  of  the  steam  is  jriven  by  the  expression  n  +  -^M 

where  w  is  the  entropy  of  the  liquid.     The  way  in  which  the 
entropy  of  the  steam  varies  as  the  temperature  rises  may  ■ 
now  be  examined,  and  for  ease  of  calculation  temperatures^ 
corresponding;  to  the  pressures  given  in  the  Steam  Table, 
and  differing  by  about  100*^,  may  be  used.     The  data  and 
results  are  given  in  Table  I. 

Assume  axe?  O  Tand  OA',  Fig.  13,  and  lay  off  on  O  Tthe 
lengths  Oy]„  0.-i„  etc.,  to  represent  the  absolute  temperatures 
in  column  7*,  Table  I.     From  these  points,  lay  off  horizontally 
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A^Bj^  A,Bt,  etc.   to  represent  the  entropies  of  the  liquid 
given  in  column  n,  and  Ax  C,  A,  C.,  etc.  to  represent  the 

r 


entropies  of  the  steam,  as  given  in  column  »  + 


Thus. 


OA^  =  702.21,  A,B,  =   .3570,  and  A.C,  =    1.7022.     The 

TABLE  I 


Pressnre 

/ 

T 

r 

» 

r 
T 

,+f 

3 

26 
120 
220 

141.62 
242.21 

34 1 -05 
389.84 

601.62 
702.21 
801.05 
849.84 

1,015.3 
944-6 
874. 

837.8 

-2013 
.3570 
.4911 
.5529 

1.6876 

1-3452 

1. 091 1 

.9858 

1.8889 
1.7022 
1.5822 
1.5387 

A, 


D 

-J.. 


points  Bx,Bt,  etc.  lie  on  a  curve  EF,  and  the  points  C,  C„ 
etc.  lie  on  a  second  curve  RS.  The  first  curve  passes 
through  a  point  E  on     f>  g-  a 

OT  such  that  OE 
=  460°  +  32<>  =  492°.  -•- 
The  axrvQ  EF  is  ^ 
called  the  liquid  A, 
curve,  because  the 
points  on  it  represent 
the  substance  in  a 
liquid  state  at  differ- 
ent pressures;  the 
curve  RS  is  called 
the  saturation 
curve,  because 
points  on  it  represent 
the  substance  at  dif- 
ferent pressures  in 
the  state  of  a  satu- 
rated vapor.  It  may  be  noted  that  the  curve  R  S  approaches 
OT  ^1  the  higher  pressures,  for  the  reason  that  the  entropy 
of  the  steam  decreases  as  the  pressure  increases.  Having 
these  curves,  it  is  easy  to  determine,  graphically,  the  entropy 


K 

Fio.  13 
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of  the  liquid  or  the  entropy  of  the  steam  for  any  given  tem- 
perature. Lay  o&  OA  to  represent  the  temperature  to  the 
proper  scale,  and  draw  a  horizunlal  line  through  W  cutting  ihe 
curves  in  //  and  C,  respectively;  then  A  B  =  n,  the  entropy 

of  the  liquid,  DC  =    „..  and 

A^=«  +  |:  (1) 

As  previously  shown,  area  O HB II  —  q,  and  area  II BCL 
-  r.     (See  Arts.  26  and  27.) 

Next  consider  ttie  case  of  1  pound  of  mixture  of  steam  and 
water,  of  which  the  part  x  is  steam  and  the  part  1  —  j  is 
water.  When  the  whole  pound  is  vaporized,  the  heal  r  is 
imparted  during  the  vaporization,  and  the  change  of  entropy 

is  -_»^^^L!in_P^Xted^  =  I    if,  now,  only  the  fraction  x  is 
absolute  temperature    -    T 

vaporized,  only  the  heat  jr  r  is  imparted  after  the  boiling  point 

The  change 


xr 


is  reached,  and  the  change  of  entropy  is  -~. 

of  entrupy  during:  the  heating  of  the  water  from  32°  to  the 
builin;;  point  is  «,  and  the  entropy  of  the  mixture  is  therefore 

(3) 


In  Fig.  13.  AB 


«  and  B  C 


-■;  hence,  if  the  point  D 


is  located  on  BC  so   that  B !>   =   xXBC  then  v^ /?  will 
represent  ihc  entropy  A'  of  the  mixture;  for  A  B  =  n,  and 

BD^xXBC'^x^,     U  X  ^  \,  D  will  He  one-fourth  of 

the  distance  from  B  to  C;  if  .r  =  I.  /?  will  lie  nearer  C  so 
that  BD  ^  \  BC  and  /?  C  =  i  /?  O  and  so  on. 

Conversely,  if  a  point  representing  the  state  of  the  mixture 
is  given,  the  value  of  .r  can  be  found.  Thus,  suppose  that 
the  state  is  represented  by  the  point  F,  Fig.  13;  the  height  of 
/^ above  O  jV  gives  the  temperature,  and  the  ratio  BFiBC 
gives  the  value  of  x. 

ICXAMPI.E." (d)  falcuhite  the  eiitnipy  <>E  ii  mixture  o(  which  8.'»  per 
cent,  is  steam  ut  :i  prt-S'iure  nf  r_M  pimiitU.  absolute,  {b)  Locate,  oo 
Fig.  la,  (he  point  representing  this  state. 
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SotOTiON. — (a)  Prom  Table  I.  «  =  .4911  tuid  ^ 


N  =  «  +  ■ 


.4911  +  .S5X  1.0911 


1.0911. 
1.4185.     Ans. 


(A)     Since   O^,  represents  the  (umperature  corresponding   to  the 

given  pressure,  the  point  P,  representing  the  state,  must  lie  on  At  Ci, 

B  f* 
and  in  snch  a  position  that  ttv^  =  -^^    Aos. 

35-  Wet  8te«m  tiud  ({iiullty  of  Steam. — Steam  from 
a  boiler  usually  contains  a  small  percentage  of  water  in  the 
form  of  mist  or  fine  water  particles  held  in  suspension;  some- 
times the  moisture  present  is  considerable.  Steam  in  this 
stale  is  called  wet  steum.  Evidently  wet  steam  is  merely 
a  mixture  uf  steam  and  water,  and  in  calculations  relating  to 
wet  steam  the  formulas  in  Arts.  31  to  33  must  be  used. 

The  ({uallty  of  the  Hfeiini  is  the  ratio  of  the  weight  of 
the  steam  to  the  weight  of  the  mixture.  The  quality  is 
numerically  equal  to  ;r,  as  defined  in  Art.  31.  Thus,  if 
in  1  pound  of  wet  steam  .K5  is  steam  and  15  is  water, 
the  quality  is  .85,  or  85  per  cent. 


EXAMPLES     FOR    PRACTICE 

1.  Compute  the  heat  required  to  raise  1  pound  of  water  from  a 
temperature  <i(  h'l'  F-,  and  evaporate  83  per  cent,  of  It  at  n  pressure  of 
ti2  pounds  per  square  inch,  gau^^e.  Ans.  1.003.5  U.  T.  U. 

2.  Calculate  the  energy  of  Ihe  mixture  in  tlie  final  state,  example  I, 
above  that  of  water  at  Sli*^.  Give  results  in  B.  T.  U.  and  in  foot- 
poundR. 


■""^1744.779.4  ft. -lb. 


3.    Cnlctilate  the  volume  of  8  pounds  of  wet  steam,  quality  1)6  per 
cent.,  at  a  pressure  of  200  pounds  per  square  inch,  ah^olutc. 

Ans.  17.624  tu.  ft. 


sirrEniiEATED  steam 

36.  Prellniiiiury  Stnteiiit'iit. — Superheated  steam  has 
recently  received  much  more  attention  than  formerly,  largely 
because  of  the  increasing  importance  of  the  steatti  turbine  as 
a  heat  motor.  It  has  been  found  that  for  the  best  results, 
the  steam  turbine  must  be  supplied  with  superheated  steam. 
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It  has  been  found  also  that  the  use  of  steam  moderately 
superheated  in  ordinary  reciprocating  engines  gives  a  marked 
increase  in  economy,  and  the  practice  of  superheating  is 
becoming  quite  common,  especially  in  Europe,  where  even 
locomotives  are  occasionally  equipped  with  superheating 
devices. 

Unfortunately,  the  properties  of  superheated  steam  have  not 
yet  been  carefully  determined,  and  much  doubt  exists  as  to 
some  of  the  important  quantities,  as  specific  heat,  total  heat, 
etc.  The  formulas  usually  employed  are  based  on  experi- 
ments performed  a  number  of  years  ago,  and  future  experi- 
ments may  show  them  to  be  unreliable.  They  are,  however, 
the  only  ones  at  command,  and  they  must  be  used  until  more 
accurate  knowledge  of  the  action  of  superheated  steam  is 
obtained. 

37.  Relation  Botwreen  Pressure,  Volnme,  and 
Temi>eruture. — The  formula  connecting  the  pressure, 
volume,  and  temperature  of  superheated  steam  is  as  follows: 

Let     p  —  absolute  pressure,  in  pounds  per  square  inch; 
y  =  volume  of  1  pound,  in  cubic  feet; 
V  =  volume  of  G  pounds,  in  cubic  feel: 
T  =  absolute  temperattu-e,  in  degrees  Fahrenheit. 

Then  for  1  pound 

V  =  .591?^-. 135  (1) 

P 
and  for  G  pounds 

y  ^  .591  ^^_  .135  (7  (S) 

P 
ExAMPiR.^(ii)  What  is  the  volume  of  t  pound  of    superheated 
steam  at  S-IO"  F.  and  having  a  pressure  of  HO  pounds  per  square  inch, 
aljsdlulc?     [b)  What   is  the   weis^ht  oi  1  cubic  foot  under  the  same 
contlilions? 

SoniTiON.— (tf)   r  =  540  -H  460  =  1,000  and  ^  =  «0.     Substituting 
in  formula  1, 

r=  .69IX^5r- .135  =  7.25CU.  ft.     Ans. 

[b)  w  ==  ,1  =  —  =  .138  lb.    Ans. 

38.  Specific  Heats. — Regnault's   experiments   on  tbe 
specific  heat  of   superheated  steam   show  that  at    constant 
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pressure  the  specific  beat  is  constant  and  has  the  value  .48. 
The  specific  heat  at  constant  volume,  as  calculated  from 
Doctor  Fenner's  equations,  is  variable,  being  .351  at  a  pres- 
sure of  5  pounds  and  .341  at  200  pounds. 

39.  Total  Ilent. — The  t<ita\  hoat  of  superheated  steam 
is  the  heat  required  to  change  1  pound  of  water  at  32°  into 
superheated  steam  of  a  given  pressure  and  temperature. 
Assuming:  that  the  heat  is  added  at  constant  pressure,  the 
process  maybe  divided  into  three  stag^es:  (1)  The  liquid 
is  heated  from  32°  to  the  boiling  temperature,  during  which 
operation  the  heat  of  the  liquid  q  is  imparted.  (2)  The 
water  is  vaporized,  and  in  vaporizing  absorbs  the  heat  r. 
(3)  The  steam  is  heated  from  its  saturated  state  to  the  final 
temperature;  this  operation  requires  the  heat  .48  X  (range 
of  temperature).  If  /,  denotes  the  final  temperature  and  / 
the  temperature  of  the  boiling  point  for  the  given  pressure, 
then  the  total  heat  imparted  is 

Q  =  9  +  r+.48(/,-/)=  ff-\.AS{f.~/)  (1) 

Another  formula,  in  which  values  from  the  Steam  Table 
are  not  required,  is  the  following: 

Q  =  .48(7--  10.27  \jP)-\- S57.2  (2) 

in  which  P  =  pressure  in  pounds  per  square  foot. 

Example. — Calculate  the  total  heat  in  the  example  of  Art.  3T. 
Solution. — At  a  pressure  of  80  lb.,  the  Steam  Table  gives  I  =  311.8 
and  //  =  1,177.    From  fonoula  1, 

Q  =-  1,177+  .48  X (WO- 311.8)  «  1,280.5  B.  T.  U.    Am. 

Or,  using  formula  2,    

Q  ^  .48(1,000-  10.27 ^>t  144)+ 857.2  =  1,286.2  B.  T.  U.    Ana. 

40,  Entropy  of  Stipurheatcd  Stcnm. — Having  con- 
sidered the  specific  heat  and  total  heat  of  superheated  steam, 
its  entropy  may  now  be  considered.  For  the  first  two 
stages,  the  graphic  representation  of  the  heat  change  is  the 
same  as  that  for  saturated  steam,  as  shown  in  Fig.  12, 
The  heat  y  imparted  to  the  liquid  is  represented  by  the 
area  OABL^  Fig.  14,  and  the  change  of  entropy  is  OL 
^  «.  In  the  second  stage,  the  water  is  vaporized,  the 
heat  r  =  the  area  L  B  C M  is  imijarted,  and  the  increase  of 
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entropy  is  LM 


^,  where  T  is  tbe  absolate  temperature 


J 


at  which  vaporization  takes  place.     During  the  third  stase, 

that  is,  while  the  sieain  is  being 
superheated,  the  temperature 
rises  from  T,  represented  by 
AfC,  to  the  final  temperature 
of  the  superheat  T»,  repre- 
sented by  A'A  The  heat 
imparted  is  .48  (  7;  —  7")  =  .48 
{i.  -  i)  B.  T.  U.,  and  is  rep- 
resented by  the  area  Af  C  D  N,, 
The  increase  of  entropy  is 
represented  by  A///, 

The  three  areas  represent 
respectively,  the  three  parts  of 
the  total  heat  in  formula  1  of 
Art.  39,  and  the  total  area 
represents  the  total  heat. 
Thus» 
Area  OARCDN  =  OABL  +  LBCM-\-  MCDN 

or  (>  =        ^        +        r        -I-  .48(A  -  /) 

The  increase  of  entropy  denoted   by  Af  N  can  be  calcu- 

lated  from  the    general    formula   for  change  of   entropy  in 

Art.  6,     Using  .48  for  the  specific  heat  i,  then,  for  1  pound, 

(1) 

the 


n 


PlO.  14 


MN  =  2.3026  X  .48  log  p  =  1.105  tog  -p 


The    total    entropy    N,   of    superheated     steam     in 
state  Z>,  Fig.  14,  is  represented  by  ON,     Hence, 
ON  ^  OL  +  LM^MN 


or, 

in  which 


N.  =  «-f  ^+1.105  log  p 


(2) 


n  =  entropy  of  liquid; 
r  =  heat  of  -vaporization 
as  given  in  the  Steam  Table. 

But  the  expression  «  -f  ^  gives  the  entropy  of  saturated 
steam.    Hence,  the  entropy  of  superheated  steam  is  equal 
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to  the  entropy  of  saturated  steam  plus  the  entropy  of  the 


superheat,  1.105  log 


r 


ExAMPLR. — Find  the  entropy  of  1  pound  of  siiperliealed  steam  at 
an  absolute  pressure  of  110  pouada  per  square  iDch  and  superheated 
to  480*  F. 

SoLunoM.— For  110  lb.  pressure,  from  the  Steam  Table,  /  »  3:M.66, 
r  =  878.8,  and  «  =  .4826.     Hence,  subBtitutinR  in  formula  2, 

41.  AUIfibutlc   Expau»lou    uf  SuperheHted  Steam. 

Let/..!",  denote  the  initial  pressure  and  volume,  and  A,  v, 
the  final  pressure  and  volume.  Then,  during:  an  adiabatic 
expansion  of  superheated  steam,  the  following  equation 
gives  the  relation  between  them: 

It  will  be  observed  that  this  formula  is  the  same  as  that 
derived  for  the  adiabatic  expansion  of  a  perfect  gas,  except 
that  the  exponent  1.405  is  replaced  by  i. 

During:  the  adiabatic  expansion,  the  superheated  steam 
approaches  more  nearly  the  saturated  state,  and  if  the 
expansion  is  carried  far  enough,  the  steam  becomes  satu- 
rated and  then  wet.  

EXPANSION    OP   STKAM 

42.  Consider  a  closed  cylinder  with  a  piston,  as  shown 
in  Fig.  15.  The  left 
end  of  the  cylinder  is 
open  to  the  entrance 
of  steam  from  the 
boiler  and  the  right 
end  is  open  to  the 
atmosphere,  so  that 
the  steam  on  the  risfht 
side  of  the  piston  may 
freely  escape.  The  pressure  of  the  steam  from  the  boiler 
will  drive  the  piston  to  the  right  end  of  the  cylinder,  pushing 
the  steam  on  the  right  of  the  piston  into  the  atmosphere. 


i:xhduiH 


StriJtft 


Pig.  15 
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When  the  piston  arrives  at  the  right  of  the  cylinder,  the  right 
end  is  put  in  communication  with  the  boiler  and  the  left  end 
with  the  atmosphere;  the  piston  then  moves  back  to  the  left 
end.     The  operation  is  thus  repeated  indefinitely. 

43#  Suppose  that,  during  the  entire  movement  of  the 
piston  from  left  to  right,  the  left  end  of  the  cylinder  is  in 
communication  with  the  boiler,  and,  further,  that  the  steam  on 
the  right  of  the  piston  escapes  freely  into  the  atmosphere 
without  requiring  any  work  on  the  part  of  the  piston  to  push 
it  out.  It  is  necessary  to  know  the  relation  between  the 
pressure  and  the  volume  at  all  points  of  the  stroke,  and  the 


[IS  cu/t- 


work  done  by  the  steam.  The  relation  between  pressures 
and  volumes  may  be  shown  graphically  as  follows:  Draw 
two  lines  f-J  t' and  O  P^  at  right  angles  to  each  other,  as 
shown  in  I'ig.  Hi.  Then,  the  volume  of  the  steam  for  any 
position  of  the  piston  may  be  represented  by  some  distance 
on  the  line  O  l\  and  likewise  the  pressure  of  the  steam  at 
any  position  of  the  piston  may  lie  represented  by  the  length 
of  a  vertical  line  parallel  to  OP.  Suppose  that  the  area  of 
the  piston  in  Fig.  l.'i  is  2  stjuare  feet,  and  that  the  distance 
moved  through  by  the  piston  is  G  feet.  The  length  Oj  of 
the  diagram  then  represents  a  piston  travel  of  6  feet^  or  a 


I 
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steam  volume  of  6  X  2  =  12  cubic  feet.  Likewise,  Ol  repre- 
sents a  piston  travel  of  2  feet  aud  a  steam  volume  of  4  cubic 
feet,  and  02  a.  piston  travel  of  4  feet,  and  a  steam  volume 
of  8  cubic  feet. 

Now.  through  1,  2,  and  3  draw  lines  parallel  to  OP,  and 
on  these  lines  lay  off  the  lengtli  1-1\  2-2',  3-3\  representing, 
respectively,  the  pressures  of  the  steam  at  the  volumes 
Ol,  03,  aud  03.  Connect  the  points  I\  2',  and  3'  by  a 
line,  and  the  diagram  gives  a  complete  graphic  representa- 
tion of  the  relation  between  the  pressures  and  volumes. 

44.  Since  the  left  end  of  the  cylinder  is  in  communica- 
tion with  the  boiler  during  the  whole  motion  of  the  piston 
from  left  to  right,  and  since  the  temperature  and  pressure 
of  the  steam  in  the  boiler  is  constant,  it  follows  that  the 
temperatvire  and  pressure  of  the  steam  in  the  cylinder  will 
be  the  same  for  all  positions  of  the  piston.  Suppose  that 
the  pressure  of  the  steam,  when  the  piston  is  just  starting 
from  the  left  end  of  the  cylinder,  to  be  (JO  pound's  per  square 
inch,  absolute.  Let  1  inch  on  the  diagram  represent  a  pres- 
sure of  30  pounds.  Then  the  length  OAy  which  represents 
the  steam  pressure  in  question,  must  have  a  length  of 
H  =  2  inches;  and  since  the  pressure  is  constant  for  all 
positions  of  the  piston,  the  lengths  l-V,  2-2',  and  3-3\  etc., 
must  each  be  equal  to  2  inches.  In  other  words^  the  line  of  pres- 
sures A  B  must  he  parallel  to  the  line  O  V,  It  was  observed 
that  the  temperature  of  the  steam  is  also  constant  through- 
out the  stroke  of  the  piston.  Hence,  the  above  line  A  B  is 
the  isothermal  (constant  temperature  line)  of  saturated  steam; 
therefore,  it  follows  that  the  isothermal  of  saturated  steam  is 
a  straight  line  parallel  to  O  l-\  the  axis  of  volumes. 

46,    The  pressure  OA  on  the  left  of  the  piston  is  taken 

above  absolute  zero.     There  is  also  a  pressure  on  the  right 

of  the  piston  of  14.7  pounds  per  square  inch,  since  the  right 

end  of  the  cylinder  is  open  to  the  atmosphere.     Let  this  be 

14  7 
represented  by  the   height   OD  ~       '     =  .49  inch.     Since 

this  atmospheric  pressure  is  constant  throughout  the  stroke 
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of  the  piston,  it  may  be  represented  by  the  straight  line  DC 
parallel  to  O  V.  The  net  pressure  on  the  piston  is  then 
represented  by  OA  -  OD  =  DA  =  60  -  14.7  =  45.3  pounds 
per  square  inch.  The  work  done  by  the  steam  dnring  one 
stroke  of  the  piston  may  now  be  easily  found. 

There  is  a  constant  net  pressure  throughout  the  stroke  ot 
46.3  pounds  per  square  inch  =  45.3  x  144  =  6,523.2  pounds 
per  square  foot.  The  total  pressure  on  the  piston  is,  there- 
fore, 6,523.2  X  2  =  13,04G.4  pounds.  Work  is  defined  as 
pressure,  force,  or  resistance  multiplied  by  the  distance 
through  which  it  acts.  Consequently,  the  work  spent  in 
moving  the  piston  from  one  end  of  the  cylinder  to  the  other, 
a  distance  of  6  feel,  is  13,046.4  X  6  =  78,278.4  foot-pounds. 

46,  The  work  may  be  obtained  in  a  still  more  convenient 
way.  As  shown  abtjve,  the  pressure  on  the  piston  per 
square  foot  is  6,523.2  pounds.  The  volume  of  the  cylinder 
is  area  x  length  =  2  square  feet  X  6  feci  =  12  cubic  feet. 
Now,  multiplying  the  pressure,  in  pounds  per  square  foot, 
by  the  volume  of  the  cylinder,  in  cubic  feet,  the  result  is 
6,523.2  X  12  =  78,278.4  foot-pounds,  as  before. 

Let  P  =  pressure  on  piston,  in  pounds  per  square  foot; 
p  =  pressure  on  piston,  in  pounds  per  square  inch; 
y  =  volume,  in  cubic  feet,  swept  through  by  piston; 
IV  ^  work,  in  foot-pounds. 

Then.  lV^pr=  Hi /,  y 

Referring  to  Fig.  16,  it  will  be  remembered  that  the  line 
DA  represents  the  pressure  p,  and  the  line  DC  represents 
the  volume  K  The  product  D  A  X  D  C  =:  area  of  the 
rectangle  A  HCD,  But  DA  X  DC  =  p  I'.  Therefore,  the 
area  of  the  rectangle  is  proporliunal  to  the  work  of  the  steam. 

DA  ^  ^^  =  1.51  inches.     DC  ^  ^  inches.     Then,    the 

area  ABC D  -  1.51  x  2  ==  3.02  square  inches.  But  1  inch 
in  height  equals  30  pounds  per  .square  inch,  and  1  inch  in 
lenjrth  is  ^^  =  0  cubic  feet.  Hence,  p  /'  =  3.02  X  30  X  6 
=  ri4;ifi  foot-Douiids.  and  W  -=  144  p  V  -  643.6  X  144 
=  78,278  foot-pouuda. 
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47.  In  the  same  way,  it  can  be  shown  that,  no  matter 
what  the  form  of  the  area  A  BCD  may  be,  it  will  repre- 
sent the  work  done  by  the  steam,  provided  that  the  upper 
line  A  B  represents  the  relation  between  the  pressures  and 
volumes  of  the  steam  on  one  side  of  the  piston,  and  the 
lower  line  CD  represents  the  relation  between  the  pressures 
and  volumes  on  the  other  side.  For  the  area  is  equal  to  the 
length  of  the  diagfram  multiplied  by  the  mean  ordinate,  and 
the  mean  ordinate  simply  represents  the  averag-c  net  pressure 
on  one  side  of  the  piston. 

Hence,  in  general,  to  find  the  work  of  the  steam  from  the 
diagram,  multiply  the  area,  in  square  inches,  by  the  vertical 
scale  of  pressures,  by  the  horizontal  scale  of  volumes,  and 
by  144.     The  result  is  the  work,  in  foot-pounds. 

EXAMPLK.— The  areaof  a  tliagmm  of  the  character  shown  in  Fig.  10 
is  7.S4  squart:  inches;  the  vertical  .scale  of  pressures  is  3<1  pound.s  to  the 
inch,  and  the  horiuint.il  .scale  nf  vtilnnies  iK  2^  cubic  feet  to  the  inch. 
What  is  the  work  of  the  steam  per  stroke  of  pistou? 

Solution.— Work  =  7.W  X  36  X  24  X  144  =  96,126.4  ft.-lb.    Ans. 

48.  Suppose  now  that  the  left  end  of  the  cylinder  is  shut 


O 


-  4  cu.fL-^ 

8cw./fc-f 


tScu.ft^ 
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off  from  the  boiler  just  as  the  piston  has  completed  one-third 
of  the  stroke— that  is,  when  it  is  just  2  feet  from  the  left 
end  of  the  cylinder.     The  pressure  on  the  left  of  the  piston,  as 
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in  Fig.  16,  will  be  constant  so  long  as  the  cylinder  is  in  com- 
inunica.tiua  with  the  boiler — that  is,  during  the  first  2  feet  of 
the  stroke.     Therefore,  the  pressure  line  for  the  first  one- 
third  uf  the  (Jiagram  will  be  a  straight  line  A  B  parallel  to  0  \\ 
as  shown  in  Fig.  17,  and,  as  before,  H  =  2  inches  above 
it.     At  this  point,   the  steam   supply   is  shut  ofif,  and  the 
A  cubic  feet  of  steam  in  the  cylinder  must  expand  as  the 
piston   moves   along,   until    it   fills   the   entire   volume  of 
the  cylinder.     Its  pressure,  then,  must  fall  somewhat  after 
the  manner  of  a  perfect  gas.     This  fall  in  pressure  is  graph- 
ically represented  by  the  curved  line  BE. 

Assume  that  the  steam  expands  according  to  the  law  pv 
e=  a  constant,  which  is  the  assumption  commonly  made  in 
steam-engine  calculations.  The  work  then  may  be  calculated 
as  follows:  The  height  of  Fig.  17  is  2  inches;  the  length /4  5 
is  \  inch;  therefore,  the  area  ABbO  -  2xJ  =  1.3333 
square  inches. 

49.    The  area  B  Eeb  may  be  found  by  the  formula 


A  =  2.3026  X  A  r.  log 


(1) 


In  which    A  —  area  of  diagram,  in  square  inches; 

/,  =  initial  pressure  {as  O A),  in  inches; 

Vt  —  volume  at  cut-oflf.  in  inches; 

y,  =  volume  at  end  of  stroke,  in  inches. 

Substituting  the  values  of  /,,   K,,  and    l\  in  the  above 
formula, 

A  =  2.3026  X  2  X  I  X  log  I  -  2.3026  X  2  X  I  X  log  f 

3 

=  1.4648  square  inches 
Then,  area  ABErOis  1.3333 -f  1.4648  =  2.7981   square 
inches;  OD  =  .49  inch;  area  CDOe  =  .49  X  2  ^  .98  square 
inch;  area  ABECD  =  ABEeO-  CDOe  ^  2.7981  -  .98 
=:  1.8181  square  inches. 

Then.  W=  144flAA.  (2) 

in  which  W  =  work,  in  foot-pounds; 

a  =  net  area  of  diagram  (as /4^^CZ?); 
//  =  scale  used  to  lay  off  pressures; 
h,  =  scale  used  to  lay  off  volumes. 
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The  volumes  are  always  expressed  in  cubic  feet  and 
the  pressures  in  pounds  per  square  inch.  In  tlie  diagram, 
IV  =  1.8181  X  SO  X  6  X  144  =  47.125  foot-pounds.  The 
work  done  in  the  6rst  case  was  78,278  foot-pounds;  so  by 
shutting  ofT  the  steam  at  one-third  of  the  stroke,  the  work 
of  the  steam  has  been  decreased  by  78,278  —  47.125  =  31.153 
foot-pounds.  But,  in  the  first  case,  12  cubic  feel  of  steam  at 
boiler  pressure  was  used,  while,  in  the  last  case,  only  4  cubic 
feet  was  used;    hence,  the  work  per  cubic  foot  of  steam  was, 

in  the  Brst  case,  ^~^  =  6,523.2  foot-pounds,  and,  in  the 
47.125 


second  case, 


=  11,781  foot-pounds,  or  nearly  twice  as 


much.     This  shows  the  economy  of  cuttiag  off  the  steam 
early  in  the  stroke  and  allowing  it  to  expand. 


exampLlEs   for  practice 

1.  The  mean  nnlinate  of  a  diagram,  .tiniiUr  to  that  (fhown  in  Pig.  16, 
is  1.2  inches  long.  The  vertical  settle  of  pressures  iss  1  inch  «  40  poundti 
per  squure  inch,  and  the  horizontal  scale  of  distances  is  1  inch  =  10 
Inches.  The  leDj^b  of  the  diagram  is  3  inches,  and  1  foot  of  actual 
length  of  the  vessel  that  contains  the  steam  represents  a  volume  of 
452  cubic  inches.     What  is  the  work  done  in  one  stroke  of  the  piston? 

Ana.  4,520  ft.-lb. 

2.  The  mean  pressure  in  the  cylinder  of  a  steam  engine  is  38.7 
pounds  per  square  inch;  the  diameter  of  the  cylinder  Is  26  inches,  the 
stroke  ;i2  inches,  and  the  number  of  strokes  per  minute  120.  Find  the 
horsepower  by  means  of  the  formula  in  Art.  45.        Ans.  190.24  H.  P. 

3.  The  mean  ordinate  of  a  diagram  Is  .80  inch;  the  length,  3.2  inches; 
the  vertical  scale  of  pres.sure,  1  inch  =  50  pounds  per  square  inch;  the 
horizontal  scale  of  volumes,  1  inch  =  .56  cubic  foot.  Find  Che  work 
done  in  twelve  strokes.  Ana.  137, 7dS  ft.-lb. 


50.  The  Expansion  l^lno.— The  character  of  the  expan- 
sion curve  B B,  Fig.  17,  depends  on  a  vaiiety  of  circum- 
stances. Suppose,  first,  that  the  steam  expands  without 
any  condensation.  The  equation  representing  tlie  relation 
between  the  pressures  and  volumes  will  tlien  be 
pv^  =  some  constant 
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This  is  known  as  Rankine's  formula  for  constant  steam 
weight.  The  cur\'e  for  this  expansion  may  be  plotted  by 
layinc  off  the  volumes,  taken  from  column  9  of  the  Steam 
Table,  along:  tlie  line  O  (',  and  the  corresponding  pressures 
from  column  1  alon£^  the  line  O  J\  It  will  now  be  necessary 
to  consider  the  conditions  under  which  the  steam  will  follow 
the  above  expansion  line. 

51,  Suppose  that  1  pound  of  stenm  at  fiO  pounds  pres- 
sure, absolute,  is  confined  in  a  non-conducting  cylinder;  that 
is,  a  cylinder  that  can  neither  absorb,  transmit,  nor  give 
up    heat.     Its    volume,   according    to    the    Steam  Table,   is 

7.096  cubic  feet.  Let  the  pound  of 
steam  expand  until  the  pressure 
reaches  54  pounds,  absolute;  the 
volume,  then,  is  7.820  cubic  feet.  It  ■ 
may  be  assumed  with  little  error  that 
the  portion  rt^,  Fiir.  18,  of  the  expan- 
sion  line,  which  indicates  the  drop  of 
pressure  from  GO  to  54  pounds,  is 
straight.    Then,  the  average  pressure  _ 


T 


I 
I 


IS- 


-r        2 

</f  is  7.829 -7.096 


=  57  pounds.    The  volume  ' 


-   -  .733  cubic  foot. 

The  work  is  Ml /^  f  =  144  X  57  X  .733  =  6,016.5  foot-pounds.  ■ 
The  total  heat  of  the  steam  at  GO  pounds  pressure  is  1,171.2 
B.  T.  U.  per  pound,  and  at  54  pounds  pressure,  1,169.1  II.  T.  U. 
per  pound.  Hence,  the  pound  of  steam  during  its  expan- 
sion gives  up  1.171.2- 1,169.1  =  2.1B.T.U,  =  1.633.8  foot- 
pounds. 

52.  The  work  done  by  the  expanding  steam  is  6,016.5 
foot-pouods,  while  the  work  given  up  by  the  steam  during  its 
expansion  is  only  1.633,8  foot-pounds,  or  a  little  over  one- 
fourth  as  much.  It  is  evident  that  the  work  could  not  have 
been  done  by  the  expansion  of  the  steam  alone.  There 
remains  6,016.5  -  1,633.8  =  4,382.7  foot-pounds  of  work 
that  must  have  been  obtained  in  some  other  manner.  The 
cylinder  is  non-conducting,  so   no   heat   could   have   been] 
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obtained  from  without.  The  only  way  in  which  this  extra 
amount  of  work  can  be  accounted  for  is  to  suppose  that  a 
small  amount  of  steam  is  condensed  while  expanding,  and 
thus  gave  up  its  latent  heat  of  vaporization.  4,382.7  foot- 
pounds =  5.633  B.T.U.  The  average  pressure  was  57  pounds, 
an<^  the  latent  heat  of  steam  at  that  pressure  is  911.55  B.T.U. 

E   COO 

HencCt     '         =  .0062,  nearly,  of  the  pound  of  steam  must 

olltOO 

have  been  condensed  to  furnish  the  extra  4,382.7  foot-pounds 
of  work.  Thus,  the  conclusion  is  reached  that  saturated 
steam  expanding  in  a  non-conducting  cylinder  must  of 
necessity  condense  somewhat. 

In  other  words,  the  condensation  of  steam,  when  expanding 
in  a  non-conducting  cylinder,  is  not  due  in  any  way  to  the 
cylinder  itself,  but  is  caused  by  the  loss  of  that  portion  of 
the  heat  that  is  converted  into  work. 

In  the  same  manner,  it  can  be  shown  that,  if  saturated 
steam  is  compressed  in  a  non-conducting  cylinder,  it  must 
become  superheated. 

53.  It  is  thus  apparent  that  steam  in  a  non-conducting 
cylinder  cannot  expand  according  to  Ra^nkine's  formula  pv^ 
=  a  constant.  The  curve  is  really  the  adiabatic  for  steam, 
and  is  usually  represented  by  the  formula, 

ISL 

Pv"   =  a  constant 
The  cylinder  of  the  actual  engine  is  never  perfectly  non- 
conducting.    In  fact,  it  is  made  of  cast  iron,  which  is  a  very 
good  conductor  of  heat.     This  fact  leads  to  great  complica- 
tions in  the  study  of  the  action  of  the  steam  in  the  cylinder. 

54.  Suppose,  first,  that  the  cylinder  is  simply  exposed  to 
the  atmosphere — that  is,  it  is  not  covered  with  any  non-con- 
ducting material.  The  steam,  entering  one  end  of  the  cyl- 
inder with  a  pressure  of  say  80  pounds  absolute,  has  a  tem- 
perature of  about  312°.  As  it  meets  the  cold  cylinder  walls, 
it  will  raise  them  to  312'',  nearly;  but,  at  the  same  time,  the 
steam,  meeting  a  surface  cooler  than  itself,  must  partially 
condense.  At  some  point  near  the  middle  of  the  stroke,  the 
communication  with  the  boiler  will  be  cut  o£E,  and  the  steam 

173—28 
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will  expand,  the  pressure  lowering  to  sny  20  pounds,  absolute, 
and  the  temperature,  conseguentljr,  lowering  to  about  228*. 
Therefore,  at  the  end  of   the  stroke,  the  cylinder  walls  will 
be  at  a  temperature  of  about  228^^.     The  fresh  steam  now 
enters  the  other  end  of  the  cylinder,  with   a  pressure  ol 
SO  pounds  and  a  temperature  of  312".  comes  in  contact  with 
tlic  cylinder  walls,  and  partially  condenses,  this  action  Wag 
repeated  at  every  stroke.     Of  course,  this  condensation  is 
almost  a  total  loss,  since  the  water  can  exert  no  pressure  on 
the  piston.     In  addition  to  the  condensation  due  to  the  alter* 
nate  heating  and  cooling  of  the  cylinder  walls,  there  is  the 
condensation  that  must  always  accompany  expansion,  even 
in  a  non-conducting  cylinder. 

Some  of  the  condensed  steam,  however,  may  be,  and  gen- 
erally will  be,  evaporated  again  toward  the  end  of  the  stroke. 
Just  before  the  steam  supply  is  cut  off,  the  temperature  of 
the  cylinder  walls  is  312*;  as  the  steam  expands,  it  partially 
condenses  and  its  temperature  falls.  The  temperature  of  the 
cylinder  walls  also  falls,  and  in  doing  so,  heat  is  given  up. 
part  of  which  is  radiated  and  lost,  while  part  reevaporates 
some  of  the  condensed  steam.  As  a  consequence  of  this 
action,  the  real  expansion  line  falls  below  the  theoretical  line 
{pv^  ^  a  constant)  just  after  cut-off.  but  rises  above  it 
toward  the  end  of  tlie  stroke. 

55.  A  very  common  way  of  avoiding  the  loss  due  to  the 
condensation  of  steam  in  the  cylinder  is  to  surroimd  the  lat- 
ter with  a  Btoani  jaok*»t;  that  is,  the  cylinder  is  kept  con- 
tinually immersed  in  steam  at  boiler  pressure.  Heal  is  then 
transferred  from  the  steam  outside  the  cylinder  to  the 
expanding  steam  inside,  and  condensation  is  thus  transferred; 
that  is,  it  takes  place  in  the  jacket  instead  of  in  the  cylinder. 
The  expansion  curve  in  this  case  approaches  more  nearly  the 
theoretical  curve,  but  usually  rises  a  little  above  it  toward 
the  end  of  The  stroke,  due  to  the  reevaporation  of  mois- 
ture, near  the  end  of  the  stroke,  by  the  heat  from  the  jacket. 

56.  Fig.  19  shows  the  three  ciirves  above  considered.  The 
upper  one  is  the  equlluterul  hypfrbolu,  /zf  <=  a  constant; 
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the    second    is    the    curve   of    onnntant    Htenm    is'elprht, 

pv^  =  a  constant,  and  the  third  is  the  udiutiutic  for 
steam  pv^  «  a  constant.  The  exponent  ^,  for  adiabatic 
expansion  of  steam,  is  generally  used  for  ordinary  calcula- 
tions.  When  extreme  accuracy  is  desired,  the  exponent  ^ 
is  frequently  displaced  by  the  value  of  k  as  found  by  the 
formula  k  =  1.036  +  tVx,  when  x  is  the  quality  of  the  steam. 
It  will  be  seen  how  marked  may  be  the  difference  between 
the  expansion  curves  under  varying:  circumstances.  It  is 
usual,  in  practice,  to  assume  that  the  expansion  curve  is  the 


Fio,  W 

equilateral  hyperbola;  and,  though  it  is  in  no  sense  the 
theoretical  curve,  it  is  generally  nearer  than  the  others,  and 
rather  easier  to  deal  with.  Hence,  in  the  study  of  the  steam 
engine,  it  will  be  assumed  that  expanding  steam  follows  the 
law pv  —  ^  constant.  


FLOW   OF  STKAM 
67.     For   rough  computations,   the   following  equations 
derived  from  the  experiments  of  R.  D.  Napier  may  be  used 
in   the  case  of  steam  flowing  through  an  orifice  into  the 
atmosphere: 

Let  px  =  absolute  pressure,  in  pounds  per  square  inch, 
in  the  reservoir; 
A  =  atmospheric  pressure,  in  pounds  per  square  inch; 
a  =  area  of  orifice,  in  square  inches; 
G  =  flow,  in  pounds  per  second. 
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Then  if /i  is  equal  to  or  exceeds  f /«, 

but  if  pi  is  less  than  f  p^, 

Example.— What  weight  of  steam  will  flow  per  hour  from  a  resw- 
voir,  in  which  the  gauge  pressure  is  70.3  pounds  per  square  inch,  into 
the  atmosphere,  the  area  of  the  orifice  being  .06  square  inch? 

Solution.— Using  formula  1,  since  Pi  is  greater  than  t /»  a°<1 
substituting, 

G  =  (70^+14:7)  ><_,06  ^  ^^  ,^   p^^  ^ 

Flow  per  hour  is  .0729  X  00  X  tiO  =  2t>2.44.  lb.    Ans. 
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STEAM-ENGINE  MECHANISM 


ELEMENTS  OF  THE  STEAM  ENGINE 


FUNDAMENTAL  PARTS 

1.  The  PoTir-ljlnk  Slider  Crank. — The  steam  engine  is 
a  mechanism  for  transforming  the  energy  of  steam  into 
work.  In  Entropy  and  Steam,  it  was  shown  that  steam  may  do 
work  by  lifting  weights  against  the  pressure  of  the  atmos- 
phere. As  it  is  not  generally  desired  to  do  work  in  this 
manner,  it  is  essential  that  some  method  of  changing  the 
to-and-f  ro  motion  of  the  piston  into  a  continuous  motion  in  one 
direction  should  be  devised.  The  form  of  mechanism  used 
for  this  purpose  in  most  types  of  engines  is  shown  in  Fig.  1, 

A 


FlQ.  1 

It  is  composed  of  four  parts  or  links:  the  link  OA,  called 
the  crank;  B  A^  the  connecting-rod;  CB,  the  piston 
rod;  and  the  stationary  link  a,  called  the  frame.  The 
part  shown  at  b  is  called  the  guide,  and  that  at  d,  the 
cylinder.  The  cylinder,  guide,  and  frame  are  rigidly  con- 
nected to  one  another,  and  form  the  fourth  or  fixed  link. 
These  four  links  form  what  is  known  as  the  four-link 
slider  crank. 
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2.  The  piston  P  moves  first  to  one  end  aod  then  to  the 
other  end  of  the  cylinder  d.    The  steam  from  the  boiler 
enters  one  end — say,  in  this  case,  the  end  h — of  the  cylinder, 
and   pushes   the  piston    to  the   other  end.     By    means  of 
another   mechanism    called   the  valve,   the  steam   is  nov 
admitted  to  the  end  c  of  the  cylinder,  while  the  end  A  is  ai 
the  same  time  allowed  to  communicate  with  the  atmosphere 
or  with  a  condenser.     The  steam  in  h  escapes,  while  that  inc 
pushes  the  piston  back  again  to  its  original  position,  whence 
the  same  operation  is  repeated. 

Attached  to  the  piston,  and  forming  a  part  of  it,  is  the 
piston  rod  C B\  to  the  end  of  the  piston  rod  is  fastened,  by 
a  joint,  one  end  of  the  connecting-rod  B  A.  The  other  end 
of  B  A  is  joined  to  the  crank  O  A\  and  the  other  end  of  OA 
terminates  in  a  shaft  O,  which  rotates  in  stationary  bearings. 
It  is  evident  that  the  end  of  B  A^  which  is  attached  to  CB, 
can  move  only  in  a  straight  line;  and  since  the  shaft  0 
can  rotate  only  in  its  bearings,  the  end  of  OA,  which  is 
attached  to  B A,  can  move  only  in  a  circle. 

When  the  piston  P  is  at  one  extreme  end  of  the  cylinder, 
say  at  //.  the  joint  A  is  at  the  point  w,  and  all  three  links, 
O-'/,  B  A,  and  CB,  lie  in  a  straight  line.  As  the  piston 
moves  to  the  right,  the  link  C B  also  moves  to  the  right, 
while  the  joint  A  is  constrained  to  move  in  the  upper  semi* 
circle  mn\  when  P  reaches  the  other  end  of  the  cylinder, 
the  joint  A  is  at  w,  and  again  OA,  BA,  and  C B  are  la  a 
straight  line.  The  piston  now  moves  back  to  the  end  h  of 
the  cylinder,  the  joint  A  moving  in  the  lower  semicircle 
from  n  to  m. 

3.  Those  parts  of  the  four-link  slider  crank  that  have  a 
to-and-fro.  or  reciprocating,  motion  are  called  the  reolpro- 
c'lttluK  parts.  They  are  the  piston,  piston  rod,  crosshead, 
and  connecting-rod. 

The  end  //  of  the  cylinder  is  called  the  head  end,  and  c 
the  eruuk  eud.  That  is,  the  end  of  the  cylinder  farther 
from  the  crank  is  the  head  end,  and  the  one  nearer  the  crank 
is  the  crank  end. 


I 
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The  diiitance  passed  through  by  the  piston  in  moving 
from  one  end  of  the  cylinder  to  the  other  while  the  crank  is 
making  half  a  revolution  is  called  the  stroke;  the  stroke  is 
evidently  equal  to  the  diameter  m  n  of  the  circle  described 
by  the  end  .7  of  the  crank. 

The  engine  may  run  in  the  direction  shown  by  the  arrows 
in  the  figure,  or  it  may  run  in  the  reverse  direction.  In  the 
former  case,  it  is  said  to  run  over;  and  In  the  latter  case, 
to  run  under.  In  other  words,  an  engine  runs  over  when 
the  crank  passes  through  the  upper  half  of  its  circle  as  the 
piston  moves  from  the  head  end  to  the  crank  end  of  the 
cylinder:  and  the  engine  runs  under  when  the  crank  passes 
through  the  lower  half  of  its  circle  as  the  piston  moves  from 
the  head  end  of  the  cylinder  to  the  crank  end. 

The  stroke  from  the  head  end  to  the  crank  end  of  the 
cylinder — that  is.  from  left  to  right  in  the  figure — is  called 
the  forwitrtl  stroke;  the  one  from  crauk  end  to  head  end, 
the  return  stroke. 

The  foregoing  mechanism  gives  a  continuous  motion  in 
one  direction.  A  pulley  is  keyed  to  the  shaft  O,  and  the 
power  is  transmitted  by  belting  to  shafting,  or  directly  to  the 
machinery  to  be  run.         

THE  PLAIN  SLIDE-VAIiVE  ENGINE 

4.  Typen  of  EnirtncH. — There  are  many  types  of  steam 
engines,  most  of  which  are  covered  by  the  following  classifi- 
cation: 

1.     According   to   the    kind   of 
service,  as 


2.     According  to  number  and  ar- 
rangement of  cylinders,  as 


3.    According   to    the    type   of 
valve  used,  as 


Stationary 

Locomotive 

Marine  ' 

Simple 

Compound 

Triple  expansion 

Quadruple  expansion 

Duplex 

Plain  slide  valve 

Automatic  cut-oflE 

Corliss 
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Any  of  these  may  be  horisonial  or  vtriical,  condensing  ^\ 
noft-condettsing^  singU'CKting  or  douhU-actinjS'  All  these  types 
involve  essentially  the  same  principles,  and  therefore  lh« 
description  of  a  single  type  will  be  sufficient  to  give  a  gen- 
leral  knowledg^e  of  these  principles. 

5,  Parts  of  thi?  Knjrim*.— The  various  parts  of  a  steam 
engine  are  shown,  in  llieir  relations  lo  one  another,  in  Fig.  2, 
which  represents  a  simple  slide-valve  engine.     In  this  figure, 
1  is  the  cylinder;  2  is  the  cylinder  head,  and  the  ends  of  tfae 
cylinder  at  2  and  3  are  known  as  the  head  and  crank  ends, 
respectively;  ■/  is  tlie  piston;    5  is  the  piston  rod;  5  is  the 
crosshead;  7  is  the  connecting-rod;  S  is  the  crosshead  pin; 
.9  is  the  craiikpin;  70  and  //  are  crank-disks;  12  is  the  fly- 
wheel; IH  is  the  crank-shaft,  or  main  shaft;  H  is  one  of  the 
main-shaft  bearings;  J5  is  a  belt  pulley;  td  is  the  eccentric; 
77  is  the  eccentric  strap;  IS  is  the  eccentric  rod;  ID  is  the 
valve  stem;  20  is  the  slide  valve;  21  is  the  steam  chest; 
22  and  23  are  the  steam  ports;  2A  is  the  exhaust  port;  25  is 
the  frame  or  bed  of  the  engine;  26  and  27  are  the  upper 
crosshead  guides;    2H  is  the  exhaust  pipe,   which  connects 
with  the  exliaust  port;  2U  is  the  steam  pipe;  30  is  the  throttle 
valve;  31  is  the  governor,  which  controls  the  speed  of  the 
engine  by  regulating  the  pressure  of  the  steam  admitted  to 
the  steam  chest  through  a  valve  in  the  casing  32\  33  is  the 
governor  puUcy.  driven  by  a  belt  3i  from  the  main  shaft. 

In  the  nppcr  portion  of  the  figure  is  shown  a  section  of 
the  cylinder  and  steam  chest  removed  so  as  to  show  the 
interior  of  the  cylinder. 

Among  the  details  of  the  engine,  35  is  the  lagging  of  the 
cylinder;  .?ff  is  the  piston-rod  stuffingbox;  37  is  the  valve- 
stem  stuffingbox;  3S  is  the  valve-stem  slide:  39  is  an  oil- 
hole  cap;  -iO  and  4t  are  holes  tapped  into  the  cylinder  for 
the  purpose  of  attaching  indicator  piping;  A2  is  the  ste&m- 
chest  cover. 

6.  A  section  of  a  steam-engine  cylinder  is  shown  in 
Fig.  3.  The  working  length  /  of  the  cylinder  is  slightly  less 
than  the  distance  between  the  cylinder  heads,  since  a  small 
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space  must  be  left  between  the  head  and  the  piston  when  the 
latter  is  at  the  end  of  its  stroke.  The  volume  of  this  space, 
together  with  the  volume  of  the  steam  port  that  leads  to  it, 
is  called  tlie  eleurance. 

The  Hirnki»  of  tlie  engine  is  the  travel  of  the  piston  ;>; 
since  the  piston  and  crosshead  are  riy^idly  fastened  to  the 
same  rod,  the  stroke  must  also  be  equal  to  the  travel  of  the 
f^crusshead.     It  was  shown  in  Fig.  1  that  the  stroke  is  also 
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equal  to  the  diameter  of  the  circle  described  by  the  crankpin, 
or  what  is  the  same  thing,  equal  to  twice  the  length  of  the 
crank,  this  length  being  measured  from  the  center  of  the 
crankpin  to  the  center  of  the  crank-shaft.  The  diameter  or 
bore  of  the  cylinder  is  represented  by  m. 

The  size  of  an  engine  is  generally  expressed  by  giving  the 
diameter  of  the  cylinder  and  the  stroke  in  inches.  Thus,  an 
engine  having  a  cylinder  diameter  of  16  inches,  and  a  stroke 
of  2*2  inches,  is  called  a  IB"  X  22"  engine.  In  stating  the 
size  of  an  engine  in  this  way.  the  diameter  of  the  cylinder 
must  be  given  first  and  the  stroke  next. 


/ 
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At  the  ends  ^  and  /',  the  cylinder  is  eoiiiiterboreil;  that 
is,  for  a  short  distance  the  bore  is  greater  than  m.  The 
piston  projects  partly  into  this  counterbore  at  the  end  of 
each  stroke.  Were  it  not  for  the  counterbore,  the  piston 
would  not  wear  the  cylinder  walls  their  entire  length,  and 
shoulders  would  be  formed  at  each  end  of  the  cylinder. 
When  the  wear  of  the  joints  in  the  connecting-rod  is  taken 
up,  the  length  of  the  connecting-rod  is  changed,  and  the 
piston  is  moved  slightly  from  its  original  position.  In  this 
case,  a  shoulder  would  cause  an  undesirable  pounding  of 
the  piston. 

Drain  cocks  Wy  n/  are  fitted  in  each  end  of  the  cylinder, 
through  which  any  condensed  steam  may  be  discharged. 

7.  The  piston  fits  loosely  in  the  cylinder  and  has  split 
rings  k,  ^  inserted,  which  springs  out  so  as  to  press  against 
the  wall  of  the  cylinder  and  prevent  leakage  of  steam  between 
the  wall  of  the  cylinder  and  the  piston.  Pistons  arc  usually 
supplied  with  a  follower  plate,  which  is  bolted  to  the  head  end 
of  the  piston  in  order  to  hold  the  split  rings  k,l^  in  place. 
The  piston  rod  is  a  round  bar  rigidly  connected  to  both 
the  piston  p  and  the  crosshcad;  /  is  a  stutBngbox  in  which 
packing  is  placed,  and  is  fitted  with  a  gland  >,  which*  when 
bolted  down,  compresses  the  packing  aroi^^tdjlhe  piston  rod 
and  makes  a  steam-tight  joint.  This  packiAsu  often  made 
in  the  fomi  of  split  rings,  which  are  so  pInced,^',tlKkt  the  split 
of  the  first  ring  is  covered  by  the  solid  part  of  tilf  next  ring. 
When  repacking,  care  should  be  taken  not  to  cause  unneces- 
sary friction  by  too  much  pressure  from  the  gland.  The  cross- 
head,  shown  at  6,  Fig.  2,  is  given  an  easy  sliding  fit  between 
the  guide  bars  26,  27,  which  are  in  line  with  the  path  of  the 
piston  rod,  and,  with  the  crosshead,  relieve  the  piston  rod 
of  all  bending  strains. 

The  connecting-rod  7  forms  the  connecting  link  between 
the  crosshead  and  the  crank-disks.  The  joint  between  the 
crosshead  f*  and  the  connecting-rod  7  is  made  by  the  cross- 
head  pin  H\  and  the  joint  between  the  connecting-rod  and  the 
crank-disks  is  made  by  the  crankpiu  £/.     Connecting-rods  are 
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usually  made  from  four  to  six  times  the  length  of  the  crank, 
or  from  4  to  G  cranks  in  length,  as  it  is  called. 

8,     The   eccentric,   which    imparts    motion    to    the    slide 
valve,  is  shown  in  Fig.  4.     It  consists  of  a  circular  disk  of 


PlQ*.  4 

iron  a,  which  is  keyed  or  fastened  by  setscrews  to  the  shaft 
and  revolves  with  it.  The  center  O  of  the  eccentric  is  at 
some  distance  from  the  center  Q  of  the  shaft,  so  that,  as  the 
shaft  turns,  the  center  O  of  the  eccentric  describes  the  circle  b 
whose  diameter  is  e.  The  i»ocentrlc  »traj>  c,  which  sur- 
rounds the  eccentric,  is  fastened  ^o  the  eccentric  rod  d. 
Hence,  for  each  half  revolution  of  the  shaft,  the  eccentric 
rod  is  moved  horizontally  a  distance  equal  to  the  diamel£L£x. 
This  distance  is  called  thethjpgw^of  the  eccentric.  The 
distance  OQ  from  the  center  of  the  eccentric  to  the  center 
of  the  shaft  is  called  the  radius  of  the  eccentric,  or  the 
eccentricity.  Evidently  the  throw  is  twice  the  eccentricity. 
Some  eneinecrs  consider  the  throw  as  being  equal  to  the 
radius  <9^,  *ul  throughout  the  succeeding  pages  the  defi- 
nition as  given  above  will  be  observed. 
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The  eccentric  is  equivalent  to  a  crank  whose  length  is 
equal  to  the  eccentricity.  Thus,  if  the  end  of  the  eccentric- 
rod  d  were  attached  at  O  to  the  crank  A  shown  by  dotted 
lines,  the  motion  imparted  by  the  crank  would  be  precisely 
like  that  ^iven  by  the  eccentric. 

In  practice,  the  diameter  of  the  shaft  generally  exceeds 
the  diameter  c  of  the  circle  described  by  the  eccentric.  In 
plain  slide-valve  engines,  the  eccentric  is  usually  keyed  to 
the  shaft  after  being  properly  adjusted.  The  connection 
between  the  eccentric  rod  and  the  valve  stem  i.^  accomplished 
in  a  variety  of  ways.  In  Fig.  2  a  slide  H8  is  used  to  support 
the  Joint  between  the  eccentric  rod  IH  and  the  valve  stem  19. 
The  latter  must  be  supported  in  some  such  manner  to  pre* 
veut  it  from  binding  in  its  stuffingboz. 


THE    0   Sr,lI>K-VAr.VE  AND   8TBAM    DISTRIBUTION 

9.  The  Valve  Bn*J  Valve  Seat.— Of  the  different  kinds 
of  valves  used  to  distribute  the  steam  in  the  engine  cylinder, 
the  D  slide  valve  is  the  most  common.  A  section  of  such  a 
valve  is  shown  in   Fig.  5;  f>  and  p  are  the  stcnni   poriK. 


E 


v_ 


0  and  o  the  brldircH,  E  the  exhaust  port,  and  ST  the 
valve  **eat.  The  valve  flanges  a  ^  and  frf  extend  beyond  the 
edges  of  the  steam  i>ort.s  in  both  directions.     The  distance 
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by  which  the  edge  of  the  flange  extends  beyond  the  outer 
edge  of  the  steam  port,  when  the  valve  is  in  its  central 
position,  is  called  the  outHUle  lap.  In  the  figure,  <•,«'  repre- 
sent the  outside  laps  for  the  two  ends  of  the  cylinder.  The 
distance  by  which  ihc  edge  of  the  rtange  extends  beyond  the 
inner  edge  of  the  steam  port,  when  the  valve  is  in  its  central 
position,  is  called  the  lu8lde  Inp  and  it  is  represented  in 
the  figure  by  /,  /  for  the  two  ends  of  the  cylinder. 

The  valve  is  here  shown  in  mid-position;  that  is,  the 
center  line  n  of  the  valve  coincides  with  the  center  line  m  of 
the  exhaust  port.  As  the  motion  of  the  valve  is  caused  by 
the  eccentric,  the  valve  is  in  mid-position  when  the  radius 
QO  of  the  eccentric.  Fig.  4,  is  in  a  vertical  position.  When 
Q  O  lies  horizontally  on  the  right  side  of  Q,  the  valve  is  in 
its  position  nearest  the  head  end  of  the  steam  chest,  and 
[When  (?C?  lies  horizontally  on  the  left  side  of  Q,  the  valve 
pb  at  the  end  of  its  stroke  in  the  crank  end  of  the  steam 
chest.  A  valve  is  said  to  have  lend  when  the  steam  port 
is  opened  slightly  before  the  piston  reaches  the  end  of 
its  stroke. 


10.     IU'"liitlve    I'oHltlon    cif    Vnlvc    ami     PlHtnn. — In 

order  to  show  how  the  steam  is  distributed  in  the  cylinder 
^m  means  of  the  valve  and  eccentric,  a  series  of  skeleton 
Wagrams  have  been  drawn  showing  the  relative  positions  of 
ihe  valve  and  piston  for  different  points  of  a  double  stroke. 
Fig.  6  shows  6ve   diagrams  representing  a   D   slide   valve 

['thout  lap  or  lead.  Oa  represents  the  crank;  Ob  the 
lenlric;  ac  the  connecting-rod;  and  bd  the  eccentric  rod. 
should  be  remarked  that  the  sizes  of  some  of  the  parts 
ve  been  greatly  exaggerated,  particularly  the  radius  of 
the  eccentric  circle  and  the  amount  of  clearance.  Diagram  A 
represents  the  piston  as  just  on  the  point  of  beginning  the 
forward  stroke.  The  valve  is  moving  in  the  direction  of 
the  arrow  and  the  outer  edge  is  just  about  to  admit  steam 
to  the  left-band  port.  As  will  be  seen,  the  valve  is  in  its 
central  position  and  consequently  the  line  joining  the  center 
&{  the  shaft  and  the  center  of  the  eccentric,  which  lepreseats 
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connecting-rod  makes  an  angle  with  the  horizontal.  The 
angularity  of  the  connecting-rod  will  be  treated  of  later;  for 
the  present  it  will  be  assumed  that  it  has  no  effect  on  the 
position  of  the  piston.  The  valve  has  reached  the  extreme 
limit  of  its  travel  to  the  right,  and  the  eccentric  radius  Ob 
is  horizontal.  The  left  steam  port  is  fully  opened  for  the  live 
steam,  and  the  right  steam  port  is  fully  opened  for  exhaust. 

Another  crank-movement  of  90°  places  the  different  parts 
as  shown  in  diagram  C,  The  piston  has  reached  the  end  of 
its  forward  stroke;  the  valve,  which  is  in  its  central  position^ 
moving  toward  the  left,  has  just  closed  the  left  steam  port 
and  right  exhaust  port,  and  is  just  about  to  open  the  right 
port  for  the  admission  of  live  steam,  and  the  left  port  for 
the  release  of  exhaust  steam.  The  piston  has  now  traveled 
one  full  stroke. 

Diagram  D  shows  the  piston  in  its  central  position  on  the 
return  stroke.  The  crank  is  in  the  position  Oa\  the  eccentric 
is  horizontal,  as  represented  by  Ob,  and  the  valve  is  at  the 
farthest  point  of  its  travel  to  the  left,  the  right  port  being 
fully  open  for  live  steam  and  the  left  port  fully  open  for 
exhaust. 

In  diagram  £",  the  piston  has  reached  the  extreme  point  of 
the  return  stroke,  the  piston-rod,  connecting-rod,  and  crank 
being  all  in  one  straight  line;  this  also  occurs  in  diagrams  A 
(which  is  the  same  as  E)  and  C.  The  valve  has  been  mov- 
ing to  the  right,  and  is  now  in  its  central  position,  just  on 
the  point  of  admitting  steam  to  the  left  port. 

11,  These  diagrams  show  conclusively  that,  with  no  lap 
or  lead,  the  steam  is  admitted  to  the  cylinder  for  the  full 
stroke  of  the  engine,  consequently  there  can  be  no  cut-off, 
and,  therefore,  no  expansion  of  steam. 

The  following  conclusion  is  now  evident:  With  an  ordi- 
nary D  slide  valve^  operated  by  one  eccentric^  there  can  be  no  cnt- 
off  until  the  end  of  the  stroke,  and,  therefore,  no  expansion  of 
steam,  unless  the  valve  has  outside  lap. 

12,  Ulstrllnitlon  of  Btenm. — The  effect  of  lap  on  the 
movement  of  the  valve  relatively  to  the  piston,  and  also  on 
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the  movement  of  the  eccentric  and  cranV,  is  shown  in  Figs.7 
to  14,     In  these  figures,  the  valve  has  both  outside  and  inside 
lap,  but  no  lead.     These  diagrams  have  been  distorted,  as 
was  done  in  Fig.  6,  in  order  that  the  eccentric  radius  niighi 
be  long  enough  to  show  the  relative  positions  of  the  uiovine 
pftrts.     In  Figs.  7  to  14,  the  eccentric  radius  is  three  times 
as  long  as  it  should  be  for  the  amount  of  valve  movement 
shoH*n   by  the  figure.     The  diameter  of  the  crank-circle  is 
also  a  little  greater  than  the  stroke  of  the  piston  for  the  same 
reason.     In  order  to  show  the  distribution  of  steam  by  the 
valve,  a  diagram  has   been  drawn  abox'e  and  below  each 
cylinder,  those  above  being  marked  M^  and  those  below.  N. 
These  diagrams  are  supposed  to  be  drawn  in  the  following 
manner:     Imagine  it  to  be  possible  to  connect   two  small 
pipes  to  the  piston,  one  on  each  side.     Suppose  that  each 
pipe  has  a  steam-tight  piston  working  in  it,  the  lower  sides  of 
the   pistons  being  subjected  to  the  steam  pressure  in  the 
cylinder,  and  the  upper  sides  to  the  atmospheric  pressure. 
Suppose,  further,  that  there  is  n  coiled  spring  on  top  of  the 
piston;  that  a  piston  rod  passes  through  the  center  of  the 
spring;  and  that  a  pencil  is  attached  to  the  end  of  the  piston 
rod.     If  a  pressure  of  10  pounds  is  required  to  compress  the 
spring  1  inch,  it  is  evident  that  for  every  10  pounds  pressure 
in  the  cylinder  the  pencil  will  move  upwards  1  inch,  and  that 
if  it  touched  a  sheet  of  paper  it  would  mark  a  line  on  that 
paper.     It  will  now  be  presumed  that  an  arrangement  like 
that  just  described  is  attached  to  the  steam-engine  piston, 
and  that  the  pencil  touches  a  sheet  of  paper,  which  is  held 
stationary.     Then,  when  the  steam  piston  moves  ahead,  the 
pencils  will  make  straight  lines  at  heights  corresponding  to 
the  steam  pressure  on  the  under  sides  of  the  little  pistons, 
except  when  the  pressure  of  the  steam  in  the  cylinder  varies, 
in  which  case  the  pencil  will  move  up  or  down,  according  as 
the  pressure  increases  or  diminishes. 

Having  made  these  suppositions  clear,  let  ^^.V,  Figs.  7 
to  14,  represent  the  line  that  the  pencil  would  trace  if  there 
were  a  perfect  vacuum  in  the  cylinder;  that  is.  QX  is  the 
line  of  no  pressure;  also,  let  A  B  represent  the  line  that  the 
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pencil  would  trace  if  the  pressure  in  the  cylinder  were  just 
equal  to  that  of  the  atmosphere,  and  Q  Y  were  the  line  of 
no  volume.  Then  the  point  Q  represents  no  volume  and 
no  pressure.  Finally,  let  ID  represent  the  volume  of  the 
clearance.  / 

13.     In  Fig.  7,  the  piston  is  represented  as  just  beginning 
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the  forward  stroke,  and  the  valve  as  just  commencing  to 
open  the  left  steam  port,  both  moving  in  the  same  direction, 
as  shown  by  the  arrows.  If  the  valve  had  no  outside  lap, 
the  position  of  the  eccentric  center  would  be  at  e\  but  on 
account  of  the  lap,  the  valve  has  moved  ahead  of  its  central 
position  in  order  to  bring  its  edge  to  the  edge  of  the  port. 
To  accomplish  this,  the  eccentric  center  has  been  moved 
from  e  Ko  b,  Ob  being  the  position  of  the  eccentric  radius. 
The  angle  bOe  that  the  eccentric  radius  makes  with  the  posi- 
tion it  would  be  in  if  there  were  no  lap  or  lead,  is  called  the 
angle  of  advance.  In  other  words,  the  angle  of  advance 
is  the  angle  between  the  position  of  the  eccentric  radius 
when  the  valve  is  in  mid-position,  and  its  position  when  the 
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piston  is  at  the  end  of  the  stroke.  It  is  equal  to  the  angle 
due  to  the  lap  plus  the  angle  due  to  the  lead;  it  is  frequently 
called  liiiK^ili^i'  tiilviiiice. 

Assume  that  the  piston  and  valve  have  moved  a  very  small 
distance,  just  sufficient  to  admit  steam  to  fill  the  clearance 
space  on  the  left  of  the  piston,  so  that  the  steam  acts  on  the 
piston  at  full  boiler  pressure.  If  the  length  of  the  line  .-t  1 
represents  the  boiler  pressure  (gauge),  the  pencil  that  regis- 
ters the  pressure  ou  the  left  side  of  the  piston  will  be  at  J. 

11 
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The  steam  on  the  right  side  of  the  piston  is  exhausting  into 
the  atmosphere  through  the  exhaust  port,  as  shown  by  the 
arrow.  As  the  size  of  the  exhaust  port  is  limited  by  practi- 
cal considerations,  the  exhaust  is  not  perfectly  free,  and 
there  is  consequently  a  pressure  on  the  exhaust  side  of  the 
piston;  this  is  termed  back  pressure.  Therefore,  in  the 
diagram  N,  let  1  be  the  position  of  tlic  second  pencil; 
then  J  i9  is  the  back  pressure.       \ 

14.  Fin.  8  shows  the  position  of  the  piston  and  valve 
when  the  exhaust  is  fully  open.  The  crank  has  moved  frum 
the  position  Of,  shown  by  the  dotted  line,  to  Oa,  and  the 
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eccentric  center  from  g  to  b.  Steam  is  entering  the  head  end 
of  the  cylinder  and  exhausting:  at  the  crank  end.  The  pencils 
have  moved  from  J  to  2  on  both  diagrams  ;?/and  A''. 

15>  In  Fig.  0,  the  piston  has  advanced  far  enough  to 
enable  the  valve  to  reach  the  end  of  its  stroke  and  open  the 
port  to  its  full  width.  The  crank  and  eccentric  have  moved 
to  the  positions  Oa  and  Ob,  the  dotted  lines  showing  their 
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last,  Fig.  8.  position.  The  eccentric  radius  is  horizontal  and 
any  further  movement  of  the  crank  will  cause  the  eccentric 
to  travel  in  the  lower  half  of  its  circle  and  make  the  valve 
move  back.  In  diagrams  Af  and  N,  the  pencil  has  traced 
the  lines  2-3. 

16.  Fig.  10  shows  the  piston  still  further  advanced  on  its 
stroke,  and  the  valve  as  having  its  inside  edge  in  line  with 
the  outside  edge  of  the  right  steam  port.  The  left  end  of 
the  valve  has  partially  closed  the  steam  port.  The  amount 
of  advancement  of  the  crank  and  eccentric  from  their  last 
positions  is  shown  by  their  distances  from  the  dotted  lines. 
The  pencils  have  traced  the  lines  cf—/  on  the  diagrams -V  and 
JS/  during  this  movement  uf  the  piston  from  the  last  position. 
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Fig.  11  marks  one  of  the  most  important  points  of  the 
stroke.  Here  the  valve  has  closed  the  steam  port,  that  is, 
cut  off  the  steam,  and  from  here  to  the  end  of  the  stroke  the 
steam  in  the  cylinder  expands.  The  exhaust  is  now  partially 
closed.  The  crank  and  eccentric  have  moved  through  the 
angles  indicated.  During  this  movement  the  pencils  have 
traced  the  lines  4-5. 

17.     Fig.  12  shows  another  very  important  valve  position. 
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Here  the  inside  edge  of  the  valve  closes  the  exhaust,  and 
from  now  on  to  the  end  of  the  stroke  the  steam  in  front  of 
the  piston  is  compressed.  In  the  diagrams  M  and  A^,  the 
lines  5-6  are  traced  by  the  pencils.  The  line  5-6  on  the  dia- 
gram Af  is  an  expansion  line,  the  pressure  falling  as  the 
piston  moves  ahead. 

18.  In  Fis:.  13,  the  piston  has  advanced  far  enough  to 
cause  the  left  inside  edge  of  the  valve  to  be  in  line  with  the 
inside  edge  of  the  left  port.  The  slightest  movement  of  the 
valve  to  the  left  will  open  the  left  port  to  exhaust.  ExjKjn- 
sion  really  ends  here,  although,  on  account  of  the  limitation 
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line  5-4i;  while  on  the  diaeram  A/  it  shows  part  of  the  com- 
pression line,  the  pressure  rapidly  increasing  as  tlie  piston 
nears  the  end  of  the  stroke. 

19.  In  Fig.  14,  the  piston  has  reached  the  end  of  its 
forward  stroke  and  is  about  to  begin  the  return  stroke.  The 
right  outside  edge  of  the  valve  is  In  line  with  the  outside 
edge  of  the  right  port.  The  steam  is  exhausting  from  the 
head  end  of  the  cylinder,  as  shown  by  the  arrows.  The 
crank  and  eccentric  are  both  diametrically  opposite  their 
positions  in  Fig.  7.  In  the  diagrams  Jif  and  jV,  the  pencils 
have  traced  the  lines  7-8.  J/  shows  that  the  pressure  has 
fallen  very  rapidly  from  7  to  8;  while  in  A^,  it  has  risen  from 
7  to  8.  The  very  slightest  movement  of  the  piston  to  the 
left  ivill  admit  steam  to  the  crank  end  of  the  cylinder  and 
cause  the  pencil  to  rise  to  the  point  J'. 
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20.  During  the  reluru  stroke,  the  actions  of  the  steam 
just  described  will  be  repeated,  the  pencils  tracing  the  dotted 
lines  on  the  diagrams  M  and  A^  Fig.  14,  the  exhaust  going 
through  the  left  port  and  the  steam  through  the  right  port. 
As  the  process  is  so  nearly  like  the  preceding,  the  diagrams 
have   not  been  drawn,   but   the   valve    should  be  followed 
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through  the  different  positions  and  the  effects  noted  on  the 
diagrams;  to  assist  in  this,  the  corresponding  points  have 
been  numbered  as  in  the  foregoing  figures. 

21.  Effects  of  Lrfip.— The  study  of  Figs.  7  to  14  should 
show  the  effects  caused  by  varying  the  lap.  Thus,  in  Fig.  II, 
it  is  evident  that  if  the  outside  lap  were  less,  the  valve  would 
not  close  the  left  port  when  its  center  was  in  the  position 
shown;  consequently,  the  piston  would  have  to  move  farther 
ahead  before  the  valve  could  move  back  far  enough  to  close 
the  port.  This,  of  course,  would  make  the  cut-off  take  place 
later  in  the  stroke  and  shorten  the  expansion.  It  is  likewise 
evident  that  if  the  valve  had  more  lap,  this  extra  lap  would 
extend  beyond  the  port  wlicii  the  center  of  the  valve  was  in 
the   position   shown.     Therefore,    the   valve  would  cut  oS 
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earlier  in  the  stroke  and  the  expansion  would  be  lenEthened. 
Hence,  increauitg  the  outside  lap  means  an  earlier  ntt-<ff/  an4 
an  increased  expansion,  white  decreasing  the  outside  lap  means  a 
later  cut-oif  and  a  diminished  expansion. 

Considering  the  inside  lap.  it  is  evident,  from  Fig.  12,  that 
if  the  inside  lap  had  been  less,  the  exhaust  would  nut  have 
closed  so  soon,  and  consequently  ihe  compression  would  have 
begun  later;  had  the  inside  lap  been  greater,  the  compression 
would  have  begun  earlier.  Fig.  \%  shows  that  with  a  dimin- 
ished inside  lap.  the  opening  of  the  exhaust,  usually  termed 
releHse,  would  take  place  earlier;  while  with  an  increased 
inside  lap,  the  release  would  have  taken  place  later  in  the 
stroke.  Hence,  increasing  the  inside  lap  increases  compression 
and  delays  release^  while  dimittishing  the  inside  lap  decreasa 
compression  and  hastens  release. 

22.     IjC'iifl. — A  valve  is  said  to  have  lead  when  it  com- 


Ck 


L 


Pir..  15 


mences  to  open  the  steam  port  just  before  the  piston  reaches 
the  end  of  the  stroke.     The  lead  is  the  distance  between  the 
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edge  of  the  valve  and  t)ie  edge  of  the  port  from  which  the 
valve  is  traveling  when  the  piston  is  at  the  end  of  its  stroke. 
In  Fig.  15,  the  distance  a  A  is  the  lead.  Lead  is  given  to  a 
valve  in  order  to  have  the  clearance  space  filled  with  steam 
at  boiler  pressure  when  the  piston  begins  its  stroke.  The 
effect  of  lead  on  the  angular  advance  of  the  eccentric  is  evi- 
dently the  same  as  an  increase  of  lap;  that  is,  it  increases 
the  angular  advance.  Its  effect  on  the  distribution  of  steam 
will  be  discussed  further  on. 

23.  l*osltIonsor  Kcrentrle  for  Opposite  l>Ii*ectloTiK 
of  Rotation. — lu  the  preceding  discussion  of  steam  distri- 
bution, it  has  been  assumed  that  the  engine  runs  over. 
When  the  engine  runs  under,  the  steam  distribution  and  the 
piston  and  valve  movements  will  be  precisely  the  same  as 
before,  but  the  position  of  the  center  of  the  eccentric  rela- 
tive to  the  crankpin  will  be  changed.  To  determine  the 
position  of  the  eccentric  in  this  case,  draw  the  horizontal 
diameter  a€  ol  the  crank-circle,  as  shown  in  Fig.  16.     OA* 
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represents  the  position  of  the  eccentric  radiu.s  when  the 
piston  is  just  beginning  the  forward  stroke  and  the  engine 
runs  over.  Draw  d' 6  perpendicular  to  i2<:  and  through  the 
point  d';  it  intersects  the  valve  circle  in  6,  and  b  Is  the  posi- 
tion of  the  center  of  the  eccentric  when  the  engine  runs  under 
and  is  about  to  begin  the  forward  stroke.  It  is  easy  to  see 
that  this  is  so,  for  the  valve  and  piston  must  both  have  a  for- 
ward movement  at  this  point,  whether  the  engine  runs  over 
or  under.  If  the  eccentric  radius  were  placed  so  as  to  occupy 
the  position  Of,  the  forward  mo\'ement  of  the  piston  and 
downward  movement  of  the  crank  would  cause  the  valve  to 
move  to  the  left,  closing  instead  of  opening  the  port.     It 
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cannot  be  in  the  position  Og,  for  that  would  throw  the  valve 
too  far  back.  06  is  the  only  position  in  which  the  eccentnc 
radius  can  be  placed  to  give  the  valve  the  same  movement 
when  the  engine  runs  under  that  it  would  have  if  placed  in 
the  position  Ob'  and  the  engine  ran  over.  In  both  cases, 
the  valve  has  the  same  forward  movement,  while  the  center 
of  the  ecccininc  is  passing  from  b  or  b'  to  the  horizontal 
position  Oc. 

24.  Roeker-Arms. — It  frequently  happens  that  the 
eccentric  cannot  be  so  located  on  the  shaft,  that  the  eccen- 
tric rod  and  valve  stem  shall  be  in  the  same  straight  line. 
It  can  never  be  done  when  the  valve  is  on  top  of  the  cylinder 
without  inclining  the  valve  seat,  now  very  seldom  done;  and, 
with  the  valve  on  the  side  of  the  cylinder,  other  consider- 
ations, such  as  the  location  of  the  flywheel,  may  interfere.  In  _ 
such  cases  as  this,  a  lever,  or  rockor-nrni,  may  be  employed.   I 

There  are  two  kinds  of  rocker-arms— direct  and  reversing. 
A  dir££t  rocker-arm  is  one  in  which  the  points  of  attach- 
ment of  the  valve  stem  and  eccentric  rod  He  on  the  same 
side  of  the  fulcrum  of  the  rocker-arm,  in  consequence  o( 
which  the  direction  of  motion  of  the  valve  is  always  the 
same  as  that  of  the  eccentric.  A  reversing  rocker-arm  is  one 
having  its  fulcrum  between  the  points  of  attachment  of  the 
valve  stem  and  eccentric  rod.  With  a  rocker-arm  of  this 
class,  the  eccentric  and  the  valve  always  move  in  opposite 
directions. 

There  are  four  conditions  that  may  arise  when  using  a 
rocker-arm:  (1)  The  travel  of  the  valve,  the  throw  of  the 
eccentric,  and  the  direction  of  motion  of  the  valve  and 
eccentric  may  be  the  same  as  before.  (2)  The  direction  of 
motion  of  the  valve  and  eccentric  may  be  the  same  as  before, 
but  the  travel  of  the  valve  may  be  greater  than  the  throw 
of  the  eccentric.  (3)  The  travel  of  the  valve  and  the  throw 
of  the  eccentric  may  be  the  same  as  before,  but  the  eccen- 
tric may  move  in  the  opposite  direction.  (4)  The  travel  of 
the  valve  may  be  greater  than  the  throw  of  the  eccentric,  and 
the  direction  of  motion  may  be  opposite  that  in  (1)  and  (2). 


§32 


STEAM-ENGINE  MECHANISM 


23 


25.  Sometimes  the  valve  travel  is  such  that  if  the  eccen- 
tric were  made  to  have  the  same  throw  it  wonlcl  be  incon- 
veniently large.  In  such  a  case  the  valve  and  its  seat  may 
be  raised,  the  valve  stem  connectinjj  to  the  rocker-arm  at  a 
higher  point,  as  illustrated  in   Fig.  17.      The    direction    of 
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motion  of  valve  and  eccentric  is  the  same  as  in  Figs.  7  to  14, 
but  the  throw  of  the  eccentric  is  less  than  the  travel  of  the 
valve  by  the  ratio  ^tf'.gr,  that  is,  if  the  valve  travel  is 
4  inches,  gd  =  12  inches  and  gf  =■  15  inches,  the  throw 
of  the  eccentric  will  be  4"  X  ^1  =  3.2  inches.     If  the  engine 
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runs  under,  the  position  of  the  center  of  the  eccentric  will  be 
as  shown  in  Fig.  18.  and  may  be  found  by  the  same  method 
as  that  given  for  finding  it  in  the  case  shown  in  Fig.  16. 

26.  In  the  cases  just  described,  the  direction  of  motion 
of  the  valve  and  of  the  eccentric  has  remained  the  same  as  if 
there  had  been  no  rocker-arm,  and  both  points  of  connec- 
tion t{  and  e,  of  the  valve  stem  and  eccentric  rod,  to  the  rocker- 
arm  are  on  the  same  side  of  the  pivot  g.  Suppose  that 
the  valve  had  been  placed  on  the  top  of  the  cylinder,  and  it 
had  been  found  more  convenient  to  place  the  pivot  of  the 
rocker  between  the  connections  of  the  rocker-arm  to  the 
valve  stem  and  eccentric  rod,  as  shown  in  Fig.   19;  then, 
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when  li  moves  to  the  right  along  the  dotted  arc  whose  center 
is  at  g,  e  moves  to  the  left.  Consequently,  if  the  eccentric 
center  were  in  the  position  Ob',  and  the  engine  were  running 
in  the  direction  of  the  arrow,  the  valve  woald  move  back- 
wards instead  of  ahead.     To  overcome  this  difficulty,  the 
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eccentric  is  shifted  around  the  shaft  180*  to  the  position  Ob; 
then  a  movement  of  0  in  the  direction  of  the  arrow  will 
throw  d  to  the  lek  and  £  to  the  right. 

If  gd  and  ge  are  equal,  the  valve  travel  and  the  throw  of 
the  eccentric  will  be  equal,  fulfilling  condition  3.  ligd\s 
less  than^i-,  the  throw  of  the  eccentric  will  be  less  than  the 
valve  travel  by  the  ratio  gd:ge.  For  example,  suppose 
that^i*  =  20  inches  and^*/  =  15  inches  and  the  valve  travel 
is  5  inches;  then  the  throw  of  the  eccentric  will  be  6"  X  H 
=  3}  inches. 

27,  Fig.  20  shows  the  position  of  the  eccentric  center 
when  the  engine  runs  under,  and  the  rocker-arm  is  of  the 
same  design  as  the  one  shown  in  Fig.  19.     If  there  were  no 
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rocker-arm.  the  eccentric  center  would  be  at  A',  as  explained 
in  Fig.  16,  but,  since  the  rocker-arm  changes  the  direction  of 
motion  in  this  case,  the  eccentric  is  turned  around  180°,  lo 
a  point  diametrically  opposite. 
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The  following  rule  may  be  applied  to  any  engines  whose 
valves  cut  off  by  their  outside  edges,  as  has  been  done  in  all 
the  previous  cases: 

Rule. — Place  the  crank  in'  the-  position  Oa,  and  tAe  eccentric 
in  the  position  Ob,  as  shown  in  Fig.  7,  eOb  being  the  angle  ol 
advance.  If  the  cngifie  runs  oi-er  and  the  rocker-arm  does  not 
reverse  the  direction  of  motion  of  the  eccetttric,  the  eccentric  is  now 
correctly  set.  If  the  atgine  runs  ttnder^  the  eccentric  sfiould  t>e 
placed  in  tfie  position  shown  in  Fig.  Jfi,  according  to  the  rule 
given  in  connection  ■with  that  figure.  If  the  erigine  has  a  rocker- 
arm  wfiose  pivot  lies  between  lite  point  of  connection  with  tlie 
valve  stem  and  eccentric  rod^  and  the  engine  runs  over^  place  t/ie 
eccentric  center  diametrically  opposite  the  position  shown  in 
I*^ig'  7.  //  the  engine  runs  under ^  a*id  the  pivot  of  tfie  tveker- 
arm  lies  bettveen  the  tu>o  poi7tts  of  c&nnecticm,  place  the  eccentric 
center  diametrically  opposite  the  position  sfwwn  in  Fig.  16. 

The  following  conveniently  summarizes  the  instructions 
coDtained  in  the  preyiops  rule: 


Direction 

of 
Kuoning 


Over 
Over 

Under 
Under 


Kind  oe 
Kocker-Arm 


Angle  Between 
Cruuk  Hnd  Eccentric 


Direct  go 

Reversing    go 
Direct  '  go 

Reversing  i  go 


+  angular  advance 

—  angular  advance 

-(-  angular  advance 

^  —  angular  advance 


Position  of 

Eccentric  Relative 
to  Crank 


Ahead  of  crank 
Behind  crank 
Ahead  of  crank 
Behind  crank 


28.  Dead  Centers, — When  the  piston  has  reached  the 
end  of  either  stroke,  the  piston  rod,  connecting-rod.  and 
crank  are  all  in  one  straight  line,  and  the  entire  steam  pres- 
sure on  the  piston  is  transmitted  directly  to  the  shaft  and 
bearings,  none  of  it  being  used  to  turn  the  crank.  When  the 
crank  occupies  this  position,  it  is  said  to  be  on  its  dead 
center.  This  position  is  shown  in  Fig.  16.  It  is  evident 
that  there  is  no  turning  force  on  the  crank  due  to  the  steam 
pressure  when  the  reciprocating  parts  are  in  the  position 
shown.     There  are  two  dcad-ccuter  positions  Oa  and  Oe, 
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diametrically  opposite  each  other,  corresponding  to  the  two 
extreme  positions  of  the  piston.  When  the  crank  occupies 
the  position  Oa,  it  is  said  to  be  on  its  Interior  dead  center; 
and  when  it  occupies  the  position  Oe,  it  is  on  its  extt;rlur 
dead  center.  That  is,  when  the  crank  is  in  line  with  the 
piston  rod  and  connecting-rod,  and  lies  on  the  side  of  the 
shaft  toward  the  cylinder,  it  is  said  to  be  on  its  interior  dead 
center;  when  on  the  opposite  side  of  the  shaft,  it  is  said  to 
be  on  its  exterior  dead  center. 

29.  Clearance, — The  term  cUarawe  is  used  in  two 
senses  in  connection  with  the  steam  engine.  It  may  be  the 
distance  between  the  piston  and  the  cylinder  head  when 
the  piston  is  at  the  end  of  its  stroke,  or  it  may  represent  the 
volume  between  the  piston  and  the  valve  when  the  engine  is 
on  dead  center.  To  avoid  confusion,  the  former  is  called 
piston  clearance,  and  the  latter  is  termed  simply  elear- 
anee.  Piston  clearance  is  always  a  measurement,  expressed 
in  parts  of  an  inch.  Clearance,  however,  is  a  volume. 
Hereafter,  then,  clearance  will  be  used  to  represent  the 
volume  of  the  clearance  space.  Wherever  piston  clearance 
is  meant,  it  will  be  so  stated. 

When  the  crank  is  on  a  dead  center  and  the  piston  at  the  end 
of  its  stroke,  there  is  always  a  space  between  the  piston  and 
the  cylinder  head.  Tlie  volume  of  this  space  plus  the  volume 
of  the  one  steam  port  leading  into  it  is  called  the  clearance. 
Tinas,  in  Fig.  lo,  the  piston  is  at  the  end  of  its  return  stroke, 
and  the  clearance  is  the  volume  of  the  space  between  the  pis- 
ton and  the  left  cylinder  head,  plus  the  volume  of  the  left 
steam  port.  In  other  words,  the  clearance  may  be  defined  as 
the  vohime  of  steam  between  the  valve  and  the  piston,  when 
the  latter  is  at  the  end  of  its  stroke.  The  clearance  of  an 
engine  may  be  found  by  putting  the  engine  on  a  dead  center 
and  pouring  in  water  until  the  space  between  the  piston  and 
the  cylinder  head,  and  the  steam  port  leading  into  it,  is  filled. 
The  vdlume  of  the  water  poured  Jn  is  the  clearance. 

The  clearance  may  be  expressed   in  cubic  feet  or  cubic 
inches,  but  it  is  more  convenient  to  express  it  as  a  percentage 
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of  the  volurae  swept  through  by  the  piston.  For  example, 
suppose  that  the  clearance  volume  of  a  12"  X  18"  engine  is 
found  to  be  128  cubic  inches.  The  volume  swept  through  by 
the  piston  per  stroke  is   12'  X  .7854  X  18  -  2,035.8  cubic 

128 
2.035.8 

cent.  The  clearance  may  be  as  low  as  h  per  cent,  in  Corliss 
engines,  and  as  high  as  14  per  cent,  in  high-speed  engines. 


inches.     Then,  the  clearance  is 


=   .063  =  6.3  per 


30,  Theoretically,  there  should  be  no  clearance,  since 
the  steam  that  fills  the  clearance  space  does  no  work  except 
during  expansion;  it  is  exhausted  from  the  cylinder  during 
the  retxim  stroke,  and  represents  so  much  dead  loss.  This 
is  remedied,  to  some  extent,  by  compression.  If  the  com- 
pression were  carried  up  to  the  boiler  pressure,  there  would 
be  very  little,  if  any,  loss,  since  it  would  then  fdl  the  entire 
clearance  space  at  builer  pressure,  and  the  amount  of  fresh 
steam  needed  would  be  the  volume  displaced  by  the  piston 
up  to  the  point  of  cut-ofl,  the  same  as  if  there  were  no 
clearance.  In  practice,  however,  the  compression  is  only 
made  sufficiently  great  to  cushion  the  reciprocating  parts 
and  bring  them  to  rest  quietly. 

It  is  not  practicable  to  build  an  engine  without  any  clear- 
ance, owing  to  the  formation  of  water  in  the  cylinder  due  to 
the  condensation  of  steam,  particularly  when  starting  the 
engine.  As  water  is  practically  inccpmpressible,  some  part 
of  the  engine  would  be  broken  when  the  piston  reached  the 
end  of  its  stroke,  if  there  were  no  clearance  space  for  the 
water  to  collect  in;  usually,  the  cylinder  heads  would  be 
knocked  off.  Automatic  cut-off  high-speed  engines  of  the 
best  design,  with  shaft  governors,  usually  compress  to  about 
half  the  boiler  pressure,  and  have  a  clearance  of  from  7  per 
cent,  to  14  per  cent. 

Corliss  engines  require  but  very  little  compression,  owing 
to  their  low  rotative  speeds;  they  also  have  very  little  clear- 
ance, since  the  ports  are  short  aud  direct. 

31.  Real  and  Apparent  Cnt-Off  and  Ratio  of 
Kxi>aiislou. — The  apparent  cut-off  is  the  ratio  between 
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the  portion  of  the  stroke  completed  by  the  piston  al  the 
point  of  cut-off,  and  the  total  length  of  the  stroke.  For 
example,  if  the  length  nf  stroke  is  48  inches,  and  the  steam 
is  shut  oflf  from  the  cylinder  jnst  as  the  piston  has  com- 
pleted 15  inches  of  the  stroke,  the  apparent  cut-off  is  -H  =  A. 

The  roftl  cut-off  is  the  ratio  between  the  volimie  of 
steam  in  the  cylinder  at  the  point  of  cul-off  and  the  volume 
at  the  end  of  the  stroke,  both  volumes  including  the  clear- 
ance of  the  end  of  the  cylinder  in  question.  If  the  volume 
of  steam  in  the  cylinder,  including  the  clearance,  at  the 
point  of  cut-off  is  4  cubic  feet,  and  the  volume,  including 
the  clearance,  at  the  end  of  the  stroke  is  6  cubic  feet,  the 
real  cut-off  is  i  =  I. 

The  ratio  of  expansion,  also  called  the  rc^l  number 
of  expnnMlon««,  is  the  ratio  between  the  volume  of  steam, 
including  the  steam  in  the  clearance  space,  at  the  end  ot 
the  stroke,  and  the  volume,  including  the  clearance,  at  the 
point  of  cut-off.  It  is  the  reciprocal  of  the  real  cut-off. 
For  example,  if  the  volume  at  the  end  of  the  stroke  is 
8  cubic  feet,  and  at  the  cut-off  is  5  cubic  feet,  the  ratio  of 

Q 

expansion  is  -  =  1.6;  in  other  words,  the  steam  would  be 
5 

said    to   have  one   and    six-tenths  expansions.     The  corre- 
sponding real  cut-off  would  be  r. 
Let  t  ~  real  number  of  expansions; 

i  —  clearance,  exprcssied  as  a  per  cent,  of  the  stroke; 
k  =  real  cut-off; 
kt  a=  apparent  cut-off; 

r  =:  apparent  number  of  expansions  ^  — . 

Then.  ^  =   J  and  -fr  =  *  (1) 

A'  e 

k  =  *■ +4  (2) 

1  + ' 

Example.— The  length  of  stroke  h  36  inches;  the  steam  la  cut  ^g 
wlicu  nhe  piston  has  completed  Hi  inches  of  the  stroke;  the  clearancr^  a 
4  per  CL-nt.  Find  ihe  apparent  cut-off,  the  real  cut-off,  and  the  xetl 
number  of  expansions.  j 
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SoLtmoN.— Apparent  cut-off  =  H  =  i  =  .444.     Ans. 


Real  cut-oflF  »  i  ~ 


k,  +  I        .444  +  .(W       .484 


1+i 


1.04 


=  .465.    Ana. 


Real  number  o£  expaosioos  =  t 


.465 


-  2.15.    Ans. 


EXAMPLES    rOR    1»RACTICK 

1.  Lcnglh  nf  strnkt;,  IR  inches;  apparent  cut-nff,  .4;  clearance, 
7.5  per  cent.     Find:  (a)  real  cut-off,  [A)  real  number  of  expansiona. 

Ans  I  '''^  -"2 
■^°*\{*}  2.2W2 

2.  Length  of  stroke.  66  inches;  clearance,  4  per  cent.;  steam  cuts 
off  at  14^  inches.  I^ind:  (a)  real  and  {d)  apparent  cut-off  in  per 
ceot.  of  stroke;  (c)  real  and  [d)  apparent  number  of  expansions. 

^^  r  (d)  24.97  per  cent. 

^L__  1  y  Ans  J  t**  21.97  per  cent. 

^H  ^  t^  J  1  </)  4.  nearly 

i 


I  (J)  4.552,  nearly 


CORLISS  VALVK  OKX& 


DESCRIPTION 

32.     The  Corliss  viilve  i^fcar,  which  is  used  in  a  large 

number  of  engines,  differs  from  the  plain  slide  valve  in  many 

particulars.     In   Fig.  21  is  shown  a  side   elevation  of  this 

valve  gear,  and  in  Fig.  22  a  section  through  the  cylinder  and 

and  valves.     It  has  £our  separate  and  distinct  valves.     Two 

of  these  »,  i^,  Fig.  22,  connect  directly  with  the  steam  chest  d 

and  steam  pipe  s,  and  are  called  s/eam  vahes;  they  are  rigidly 

connected  with  the  cranks  w,  Fig.  21.  the  right-hand  crank 

^ing  removed  in  order  to  show  more  clearly  the  disengaging 

nook  /.     The  other  two  valves  r,  r'.  Fig.  22,  connect  directly 

^*''th    the   exhaust  chest  /  and  the  exhaust  pipe  o.  and  are 

^^lied  exhattst  valves:   they  are  rigidly  connected  with  the 

-rariks  m,  m.  Fig.  21.     All  The  valves  are  cylindrical  in  form, 

*^d  extend  across  the  cylinder  above  and  below,  respectively. 

"^  wristplate  w  is  made  to  rock  on  a  stud  a,  by  the  book 

^^  c.  connecting  it  with  an  eccentric  on  the  crank-shaft. 

Two  motion  rods  r-,/"  connect  the  wristplate  :r  with  the 
^ll-cranks  k,  h  of  the  steam  valves,  and  two  motion  rods  /,  f 
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, connect  the  wristplate  with  the  cranks  m,M  of  the  exhaust 
iralves.     The  motion  rods  can  be  lengthened  or  shortened  as 

'the  case  may  require,  and  the  action  of  any  one  valve  regu- 
lated independently  of  the  other  three.  As  the  wristplate  w 
rocks  backwards  and  forwards,  the  exhaust  valves  r  and  r', 
which  are  rigidly  connected  with  their  cranks  w,  m,  rock  with 
it.  The  bell-cranks  A,  A,  which  are  provided  with  the  dis- 
engaging hooks  2,  /,  are  also  given  this  rocking  motion,  and 
by  hooking  on  to  the  blocks  ^,  ^,  which  are  rigidly  connected 
to  the  cranks  «,  open  the  steam  valves  v,  i/. 


m 


■~^:X 


\f 


PiO.22 


The  projections  J,  J  on  the  two  trip  collars  jr,  ^  unhook 
e  disengaging  hooks  ;,  /',  after  they  have  rotated  the  valves 
t/  through  a  certain  angle,  and  the  cranks /«, «  are  pulled 
ck  to  their  first  positions  by  the  vacuum  dashpots  /,A 
against  the  resistance  of  which  the  valve  cranks  «  were  raised. 
The  governor  changes  the  point  of  cut-off  by  moving  the 
reach  rods  C/,X,  which  are  connected  to  the  trip  collars,  thus 
enabling  the  projections  J,  J  to  be  moved  into  various 
lositions,  causing  the  hooks  i,  i  to  disengage  at  any  desired 
lotnts.  The  movements  of  the  valves  open  and  close  the 
steam  and  exhaust  ports  of  the  cylinder  at  the  proper 
intervals.     The  pins  of  the  motion  rods  are  so  located  on  the 
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wrisiplate  that  the  steam  valves  v,  s/  have  their  quickest  move* 
ment  while  the  exhaust  valves  r,  r*  have  their  slowest  move- 
ment, and  the  exhaust  valves  have  their  quickest  movemeni 
while  the  steam  valves  have  their  slowest  movement.  As  a 
consequence  of  this  arrangement,  the  steam  and  exhaust 
valves  have  entirely  independent  movements  and  the  inlet 
ports  may  be  suddenly  opened  full  width  by  the  quick  move- 
ment of  the  steam  valves,  while  the  exhaust  valves  are 
practically  motionless.  The  advantage  of  this  valve  gear  is 
that  it  permits  an  earlier  cut-oflf,  a  greater  range  of  cut-off, 
a  more  perfect  steam  distribution,  and  a  smaller  clearance 
space  than  is  attained  with  a  plain  slide  valve. 

Engines  fitted  with  the  Corliss  valve  gear  do  not  usually 
run  at  much  more  than  100  revolutions  per  minute. 


RKI.ATIVK    MOTIONS    OF    PISTON.    CRANK,     ANI>     VAI.VER 

33.     Fig.  23  shows  the   piston  neaVing    the   end    of   its 


=^ 


Jt^M 


^ 


THX: 


^U-i  [■  ^ 


^J— 1«^ 


Fu,.  3 


return  stroke  and  all  the  valves  closed.     The  wristplate  is 
in   its    middle    position;    hence,   the  exhaust  \'alves    are   in 
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precisely  the  same  position,  relative  to  their  respective  ports 
as  would  also  be  the  two  admission  valves  were  it  not  that 
the  one  a,  is  in  a  released  condition.  Observing  the  arrows 
on  the  various  motion  rods,  it  will  be  seen  that  the  exhaust 
valve  r,  will  soon  be  opened  to  liberate  the  steam  that  is  still  ■ 
exerting  a  pressure  in  the  direction  of  motion  of  the  piston, 
while  the  other  valve  c  has  just  been  closed;  the  admission 
valve  a  will  also  soon  be  opened  to  admit  steam  against  the 
motion  of  the  piston. 


34.  The  diagrams  in  Fig.  24  (a),  (*),  (c),  (rf),  and  W 
show  the  most  important  simultaneous  positions  of  the 
piston  and  the  four  valves,  together  with  a  skeleton  outline 
of  the  principal  members  of  the  mechanism  in  their  various 
corresponding:  positions,  during  a  little  more  than  a  complete 
iorward  stroke  of  the  engine. 

In  all  the  diagrams,  the  directions  of  motion  of  the  piston, 
wristplate,  and  valve  rods  are  indicated  by  arrows,  a  double- 
headed  arrow  being  shown  when  a  member  is  in  the  position 
in  which  its  direction  of  motion  is  being  reversed,  and  a 
dotted  arrow  being  shown  when  an  admission-valve-motion 
rod  is  moving  without  atfecting  its  valve,  the  connecting 
parts  being  released. 

In  Fig.  21  (a),  the  respective  positions  of  the  crank  and 
eccentric  that  correspond  to  the  positions  in  Fig.  23  are 
(/and  (/,,  and  the  position  c  of  the  crank  indicates  when  the 
closing  of  the  exhaust  valve  ^  actually  took  place  and  the 
resulting  compression  commenced,  as  indicated  at  c,  in 
diagram  {d),  while  the  position  /  indicates  where  the  steam 
valve  a  will  open^in  other  words,  the  lead  position  of 
the  crank.  Diagram  (c)  shows  the  piston  at  the  end  of  its 
return  stroke,  or,  what  is  the  same  thing,  at  the  beginning 
of  its  forward  stroke.  By  this  time,  both  the  exhaust  valve  ^i 
and  the  admission  valve  a  have  been  opened  considerably. 
without,  however,  reaching  the  limits  of  their  opening  posi- 
tions, while  the  exhaust  valve  f  has  nearly  reached  the  limit 
of  its  closing  position,  and  this  because  the  four  points  of 
attachment  of  the  valve  rods  to  the  wristplate  are,  as  will  be 
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seen,  so  located  that  the  angrnlar  closing  movements  of  the 
valves  are  very  small  compared  with  their  angular  opening 
movements. 

35.  In  diagram  (d),  the  wristplate  ts  shown  in  the 
position  in  which  its  motion  is  just  being  reversed  by  the 
eccentric,  the  valve  rods,  in  consequence,  being  also  in 
the  positions  in  which  their  motions  are  reversed,  as  indi- 
cated by  the  double-headed  aiTows.  According  to  what  has 
already  been  learned,  this  is  the  limiting  position  at  which 
the  admission  valve  a  is  released,  which  for  that  reason  is 
supposed  to  have  just  occurred,  as  indicated  by  its  closed 
position.  As  indicated  at  j^,-,  in  diagram  {^),  this  is  then 
the  moment  at  which  in  this  particular  case  the  expansion  of 
the  steam  commences.  The  exhaust  valves  has  at  the  same 
time  reached  the  limit  of  its  closing  position,  while  ^,  has 
reached  the  limit  of  its  opening  position.  In  this  position 
of  its  motion  rod,  the  admission  valve  ff.  is  picked  up,  as 
indicated  by  the  double  arrow.  In  diagram  («)»  ^  and  ^, 
are,  respectively,  the  positions  of  the  crank  and  the  eccen- 
tric that  correspond  to  the  valve  positions  of  diagram  (rf). 

36.  In  diagram  (e),  the  piston  is  represented  in  the 
position  near  the  end  of  its  forward  stroke,  at  which  the 
exhaust  valve  e  just  begins  to  open,  ^.  ha\nng  been  closed 
some  time  previously  to  produce  cumpression,  and  the 
admission  valve  <(,  nearing  its  opening  point. 

Point  c.,  in  diagram  (^),  shows  the  release  of  the  expanded 
steam  due  to  the  opening  of  e,  and  points  e  and  e„  in  dia- 
gram (a),  represent,  respectively,  the  positions  of  crank  and 
eccentric  corresponding  to  diagram  (^). 


STEAM-ENGINMi  INDICATORS 
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THE   INDICATOR 


INUICATOKS   AND    KKJ)UCINU   MOTIONS 

1.  Iiulicators. — The  arrangement  describetl  in  SUam- 
Erigine  Mechanism  for  recording  Ihe  steam  pressiu-e  at  all 
points  of  the  stroke  of  the  piston  would  be  impossible  to 
put  into  actual  operation.  Again,  tlie  diagram  traced  by 
the  pencil  would  be  altogether  too  large  to  be  handled 
conveniently.  The  purpose  in  view,  however,  is  accom- 
plished by  the  use  of  an  instrument  called  the  ludlcatoi*. 
This  instrument  measures  the  pressure  in  the  cylinder  at  all 
points  of  the  stroke  and  records  it  on  a  paper  or  a  card.  The 
principal  reason  for  obtaining  a  diagram  of  this  kind  is  that 
it  affords  a  ready  means  of  computing  the  mean  pressure  of 
the  steam  on  the  piston  during  one  stroke.  If  the  mean 
pressure  on  both  sides  of  the  piston,  the  length  of  the  stroke, 
and  the  number  of  strokes  per  minute  are  known,  the  horse- 
power of  the  engine  can  be  easily  found. 

2,  Fig.  1  shows  the  general  appearance  of  an  indicator. 
The  instrument  consists  essentially  of  a  cylinder  a  containing 
a  piston  and  helical  spnny  for  measuring  the  steam  pressure, 
the  lever  b  for  transmitting  the  motion  of  the  piston  to  the 
pencil  point  r,  and  the  drum  d  that  carries  the  paper  on  which 

Ct^yrightad  by  /mttrnntivnal  Ttxtboak  Company.    Ettttrtd  at  Statmurt'  Holl.landim 
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as  possible,  the  spring  //  being  the  only  resistance  to  the 
upward  motion  of  tlic  piston.  This  spring  is  calibrated; 
that  is,  tested  so  as  to  tletermine  the  pressures  required  to 
move  the  pencil  to  various  heights  against  the  resistance  of 
the  spring.  Hence,  it  is  possible  to  find  the  pressure  in  the 
cylinder  by  the  pusitiun  of  the  itciicil  point.  By  turning  a 
cock   in   the   small  pipe  connecting   the  indicator  with   the 
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engine  cylinder,  steam  may  be  admitted  to.  or  shut  off  from, 
the  cylinder  of  the  indicator  at  pleasure.  When  steam  is 
admitted  through  the  channel  s,  its  pressure  causes  the 
piston  g  to  rise.  The  helical  spring  A  is  compressed,  and 
^resists  the  upward  movement  of  the  piston.  The  height  to 
phicb  the  piston  rises  should  then  be  in  exact  proportion 


<s 


■  I 


I 


Fio.a 


the  pressure  of  the  steam,  and  as  the  steam  pressure  rises 
and  falls  the  piston  must  rise  and  fall  accordingly. 

To  register  this  pressure,  a  pencil  might  simply  be  attached 
the  end  of  the  piston  rod,  the  point  of  the  pencil  being 
made  to  press  against  a  piece  of  paper.  It  is  desirable, 
however,  to  restrict  the  maximum  travel  of  the  piston  to 
about  h  inch,  while  the  height  of  the  card  may  advantageously 
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be  2  inches.  To  give  a  long  range  to  the  pencil  while 
keeping  the  travel  o(  the  piston  short,  the  pencil  is  attached 
at  c  to  the  long  end  of  the  lever  d.  The  fulcrum  of  the  lever 
is  at  J,  and  the  piston  rod  is  connected  to  it  at  *  through  the 

link  /.     The  pencil  motion  is  thus  ^-  ,  times  the  piston  travel; 

for  most  indicators  this  ratio  ^  is  either  4,  5,  or  6.    The 

Jk 

point  r  is  made  to  move  in  a  vertical  straight   line  by  the 

arrangement  of  the  links  and  joints  /,  J,  k,  /,  p,  q,  and  «. 

3.  The  height  to  which  the  piston  will  rise  nnder  a  given 
steam  pressure  depends  on  the  stiffness  of  the  spring.  Indi- 
cators are  usually  furnished  with  a  number  of  springs  of 
varying  degrees  of  stiffness,  which  are  distinguished  by  the 
numbers  20,  30,  40,  etc.  These  numbers  indicate  the  pres- 
sure, in  pounds  per  square  inch,  required  to  raise  the  pencil 
1  inch.  Thus,  if  a  40  spring  is  used,  a  pressure  of  40  pounds 
per  square  inch  raises  the  pencil  1  inch,  and  therefore  the 
vertical  scale  of  the  diagram  is  40  pounds  per  inch.  That  is, 
the  vertical  distance,  in  inches,  of  any  point  on  the  diagram 
from  the  atmospheric  line,  multiplied  by  40,  gives  the  gauge 
pressure  per  square  inch  at  that  point.  The  scale  of  the 
spring  chosen  should  not  be  less  than  half  the  boiler  pres- 
sure, since  it  is  not  desirable  to  have  the  indicator  card  more 
than  2  inches  in  height.  For  example,  a  40  spring  would  be 
chosen  for  a  steam  pressure  of  75  pounds  per  square  inch. 

4.  The  indicator,  however,  must  not  only  register  pres* 
sures,  but  it  must  register  them  in  relation  to  the  position  of 
the  piston.  This  is  accomplished  by  means  of  the  cylindrical 
drum  shown  at  f/,  Fig.  2.  This  drum  can  be  rovolved  on  its 
axis  m  by  pulling  the  cord  n  that  is  coiled  around  it.  \Vhen 
the  pvill  is  released,  the  spring  o  turns  the  drum  back  to  its 
original  position.  If  the  cord  n  is  attached  to  some  part  of 
the  engine  that  has  a  motion  proportional  to  the  motion  of 
the  piston,  the  motion  nf  the  drum  also  will  be  proportional 
to  the  motion  of  the  piston. 
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in  Fig.  2.  The  same  principles,  however,  are  involved  in 
the  operation  of  both  indicators,  and  they  are  consequently 
lettered  alike  in  both  figures.  For  indicating  a  gas  engine, 
a  smaller  piston  than  that  used  for  steam  engines  must  be 
employed.  Such  a  piston  is  shown  at^,  Fig.  3  {6).  It  takes 
the  place  of  the  piston  j^  in  Fig.  3  ia),  and  works  in  the 
lower  cylinder.  The  area  of  this  piston  is  one-half  that  of 
the  larger  piston.     Recently,  a  number  of  indicators  with 
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sprins^s  outside  the  indicator  cylinders  have  been  placed  on 
the  market.  In  such  cases,  the  spring  is  less  afiFected  by 
the  heat  than  are  those  shown  in  Fig.  2  and  Fig.  3  (a). 

To  attach  the  indicator  to  the  engine,  a  hole  is  drilled  in 
the  clearance  space  of  the  cylinder  and  tapped  for  a  i*iDcli 
nipple,  which  should  be  as  short  as  possible.  The  nipple  has 
an  elbow,  into  which  is  screwed  a  cock.  The  indicator  may 
then  be  attached  directly  to  the  cock  by  the  nut  r.  Fig.  2  and 
Fig.  3  (a),  the  conical  projection  s  of  the  indicator  wedging 
tightly  into  the  cock  to  prevent  the  leakage  of  steam.  It  is 
preferable  to  have  an  indicator  at  each  end  of  the  cylinder, 
but  if  that  is  not  convenient,  one  indicator  may  be  connected 
with  both  ends  of  the  cylinder  by  means  of  a  three-way  cuck, 
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as  shown  at  k.  Fig.  4.  Before  attaching  the  indicator,  it  is 
advisable  to  open  the  cock  slightly,  to  blow  out  any  dirt  or 
rust  that  may  have  accumulated  in  the  pipe. 

6.  KedtiL'tiiK  Motions. — The  motion  of  the  drum  cord 
is  usually  obtained  from  the  crosshead.  Since  the  stroke  of 
the  engine  is  nearly  always  greater  thanlhe  circumference  of 
the  drum,  the  cord  cannot  be  attached  directly  to  the  cross- 
head,  and  an  arrangement  called  a  ri'ductuK  luotlon  is 
used.  A  pendulum  reducinj,'^  motion  is  shown  in  Fig.  4. 
The  upright  a  is  fastened  lo  the  engine  frame,  and  the  lever  b 
is  pivoted  at  c  to  the  upright.  Another  upright  U  is  fastened 
to  the  crosshead  or  to  the  piston  rod  near  the  crosshead 
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and  the  link  e  is  connected  at  /  to  the  piece  d  and  at  g 
to  the  lever  b.  The  cord,  which  should  be  parallel  to  the 
axis  of  the  cylinder,  is  attached  to  the  point  h  on  the  lever 
b,  which  point  must  be  on  the  straight  line  connecting 
c  and  g. 

When  the  piston  is  in  its  central  position,  the  link  h  should 
be  vertical  and  the  link  e  should  be  so  placed  that  it  will 
swing  equally  above  and  below  the  horizontal,  so  that  point  h 
will  move  as  nearly  in  a  straight  line  as  possible.  Then, 
letting 

L  ~  length  of  stroke  of  piston; 
/  =  length  of  indicator  diagram; 
it  follows  that 


/  =*  ff-:  cJi.  or  -  =^ 


(1) 


In   Fig.  5   is  shown    another  form    of   rediTcing   motion, 
known  as  the  reducing  wheel,  attached  to  the  engine,  with 
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the  indicator  in  readiness  for  use.  A  rigid  upright  is  firmly 
fastened  to  the  crosshead.  and  to  this  upright  is  tied  a  cord, 
the  other  end  of  which  is  wound  on  the  wheel  a.  As  the 
crosshead  moves  back  and  forth,  the  cord  rotates  the  wheel  a. 
Evidently,  the  linear  movcmtjnt  of  a  point  on  the  rim  of  this 
wheel  in  any  period  is  the  same  as  that  of  the  crosshead  in 
that  period.  Fixed  to  the  wheel  a  and  turning  with  it  on 
the  same  shaft  is  a  smaller  wheel  c,  un  which  is  wound  the 
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cord  leadine  to  the  indicator  b.  Hence,  as  the  wheel  a  turns. 
the  drum  of  the  indicator  is  given  a  rotary  motion  that  is 
proportional  to  the  motion  of  the  wheel  c  and  hence  pro- 
portional to  the  crosshead  movement  also.  But  since  the 
wheel  c  is  so  much  smaller  than   wheel  a,   the  movement 

of  a  point  on  the 
drum  surface  is  much 
less  than  the  move- 
ment of  the  cross* 
head.  On  the  forward 
stroke,  the  wheel  a  is 
rotated  against  the 
resistance  of  a  spring 
at  d\  but  on  the  re- 
turn stroke,  this 
spring  rotates  the 
wheel  in  the  oppo- 
*''«•«  site   direction.     Both 

wheels  a  and  c  are  made  as  light  as  possible,  in  order  that 
their  inertia  may  not  affect  the  accuracy  of  the  reduction. 
The  cord  leading  from  the  wheel  a  to  the  upright  on  the 
crosshead  must  be  parallel  to  the  axis  of  the  cylinder,  hut  the 
cord  from  the  wheel  c  to  the  indicator  may  incline  upwards 
or  downwards. 

Let    /-  =  length  of  stroke,  in  inches; 

R  =  radius  of  large  wheel,  in  inches; 
/  ■«  length  of  indicator  diagram  ^  in  inches; 
r  —  radius  of  small  wheel,  in  inches. 
Then  the  length  of  the  diagram  is  to   the  len^rth  of  the 
stroke   as   the   radius  of  the  small  wheel  is  to  that  of  the 
large  wheel;  that  is, 

'  =  ^i         (2) 

Reducing  wheels,  employing  gears,  are  often  made  of 
aluminum  for  the  sake  of  lightness.  Such  a  wheel  is  shown 
in  Fig.  6.  It  really  consists  of  two  wheels;  on  the  larger 
one,  sho\vn  at  a,  is  wound  the  string  that  is  attached  to  the 
arni  on  the  crosshead,  and  from  the  smaller  one  b  runs  the 
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cord  to  the  indicator.  A  spring  in  the  horizontal  case  c  takes 
up  the  slack  in  the  string.  Frequently,  the  reducing  wheel 
is  attached  directljr  to  the  body  of  the  indicator,  thus  avoid- 
ing the  necessity  o£  fastening  it  to  the  engine  frame,  as  in 
Fig.  5. 

The  cord  leading  from  a  reducing  motion  to  the  indicator 
drum  should  be  in  two  pieces  with  a  hook  on  one  of  the  free 
ends,  preferably  the  end  next  the  indicator,  and  a  loop  in  the 
end  fastened  to  the  reducing  motion,  as  shown  in  Figs.  4 
and  5.  This  makes  it  possible  to  disconnect  the  indicator 
from  the  reducing  motion  when  desired,  and  lessens  the 
wear  on  the  instrument.  The  length  of  the  siring  should  be 
carefully  adjusted  so  as  Xo  give  the  drum  the  correct  amount 
of  motion — if  the  string  is  too  short,  it  will  be  broken;  and 
if  too  long,  there  will  be  lost  motion  and  the  card  will  not 
represent  the  true  length  of  the  engine  stroke.  It  may  also 
result  in  damage  to  the  indicator. 
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T.  The  instrument  being  properly  attached,  as  just 
explained,  a  blank  card  is  slipped  over  the  drum  so  as  to 
fit  smoothly,  as  in  Fig.  1.  The  hook  on  the  indicator  cord 
is  then  engaged  with  the  loop  on  the  cord  from  the  reducing 
motion,  and  the  drum  is  allowed  to  rotate  back  and  forth 
several  limes,  to  see  that  it  works  properly,  and  that  the 
cord  is  adjusted  correctly.  The  cock  is  then  opened  aud  the 
indicator  is  allowed  to  work  freely  while  the  engine  makes 
several  revolutions.  This  warms  up  the  parts  to  the  working 
temperature.  The  pencil  is  then  pressed  lightly  against  the 
card  during  a  single  revolution.  Next,  the  cock  is  closed 
and  the  pencil  is  again  pressed  against  the  card,  recording 
the  atmospheric  line.  Finally,  the  cord  is  unhooked,  and 
the  card  is  removed  from  the  drum. 

If  but  one  indicator  and  a  three-way  cock  is  used,  as 
shown  in  Fig.  4,  the  cock  is  opened  to  admit  steam  from 
one  end  of  the  cylinder,  and  the  diagram  from  that  end  is 
taken;  then  the  cock  is  turned  to  admit  steam  from  the  other 
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end,  and  another  dias:ram  is  taken;  finally,  the  steam  is  shut 
o£E  entirely,  and  the  atmospheric  line  is  drawn. 

8.     Pigs.  7  and  8  are  diag^rams  taken  from  the  head  and 

l^ ^  2 
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crank  ends   of   the   cylinder,    respectively.      The   different 
phases  during  the  stroke  are  very  clearly  shown. 
Thus:  1  is  the  beginning  of  the  stroke; 

2  is  the  point  of  cut-off; 

3  is  the  point  of  release; 

4  is  the  end  of  the  stroke; 

5  is  the  point  of  compression; 

6  is  the  point  of  admission. 

The  lines  included  between  any  two  of  these  points  have 
received  special  names,  which  are  as  follows: 
6-1  is  the  admission  line; 
1-2  is  the  steam  line; 
2-3  is  the  expansion  curve; 
3-4-5  is  the  period  of  release; 
-/-5  is  the  back-pressure  line; 
5-6  is  the  compression  curve; 
A  Z  is  the  atmospheric  line. 

9.  If  but  one  indicator  is  used,  the  two  diagrams  may 
be  taken  on  the  same  card  as  shown  in  Fig  9.  With  the 
diagrams  placed  (uie  over  the  other,  as  shown,  it  is  very 
easy  to  tell  exactly  what  is  takin<j:  ])laee  in  the  cylinder  at  any 
jioint  of  the  stroke.  On  the  forward  stroke,  the  pencil  of 
the   indicator    descril)us    the   line   .-/  A'  CD  of    the  head-end 


that  the  piston  is  at  r  on  the  return  stroke;  the  pressure  at 
the  right  urging  the  piston  on  is  r«,  while  the  pressure  on 
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the  left  is  rv.  The  net  pressure,  therefore,  \%  uv  and  is 
negative;  or,  ia  other  words,  the  resistance  i«  ereater  than 
the  effort. 

A  double  diagram  of  this  character  tells  at  a  glance  what 
is  taking  place  at  either  end  of  the  cylinder  at  any  point  of 
the  stroke.  Thus,  when  the  piston  is  on  the  forward  stroke, 
in  the  position  corresponding  to  m,  the  steam  in  the  head 
end  is  at  the  point  of  release,  as  shown  at  C  Draw  a  line 
through  m  perpendicular  to  the  vacuum  line.  C  lies  on 
ABC,  and  since  K  I-  M  is  described  during  the  forward 
stroke,  as  is  ABC.  the  intersection  of  the  line  through 
C  with  the  line  KLM  is  the  point  corresponding  to  C. 
Since  w  is  on  the  compression  line,  compression  is  takiDg 
place  in  the  crank  end  when  release  occurs  in  the  head  end. 
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HORSEPOWER  CALCUIiATIONS 

10.  Mean  Effective  PrcBsiire. — In  order  to  find  from 
tlic  diagram  the  horsepower  exerted  by  the  engine,  it  is 
necessary  to  find  the  mean  effective  pressure. 

The  mean  effective  pressnre,  usually  written  M.  E.  P., 
is  defined  as  the  average  pressure  urging  the  piston  forwards 
during  its  entire  stroke  in  one  direction,  less  the  average 
pressure  that  resists  its  progress. 

The  M.  E.  P.  may  be  found  in  two  ways:  (1)  The  area 
of  the  diagram,  in  square  inches,  may  be  found  by  an  instru- 
ment called  the  plunlmcter;  the  M.  E.  P.  is  then  found  by 
dividing  the  area  of  the  diagram,  in  square  inches,  by  the 
length  of  the  diagram,  in  inches,  and  multiplying  the  quotient 
by  the  scale  of  the  spring.  (2)  Where  a  planimeter  is  not 
available,  the  mean  ordinate  can  be  found  by  measurement. 
This  mean  ordinate,  multiplied  by  the  scale  of  the  spring, 
will  then  give  the  M.  E.  P. 

11,  The  Amsler  polar  planimeter,  which  is  one  of  the 
most  common  in  use,  is  illustrated  in  Fig.  10.  It  consists 
of  two  bars  a,  b  with  a  hinged  joint  c  and  roller  d.  At  the 
end  of  the  bar  b  is  a  weighted  point  c,  which  is  pressed  into 
the  paper  just  enough  to  fix  it  in  one  position;  the  bar  b  then 
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moves  about  the  point  e  when  the  planimeter  is  in  use.  The 
point  /  on  the  arm  a  is  the  tracing  point,  which  is  moved 
over  the  outline  of  the  diagram.  The  roller  d  has  on  one 
edge  a  flange,  which  should  roll  on  a  smooth  surface,  and 
behind  the  flange  are  graduations,  giving  readings  in  square 
inches  and  tenths  of  a  square  inch.  By  means  of  a  vernier  g^ 
the  graduations  on  the  roller  may  be  read  to  hundredths  of  a 
square  inch.  There  are  a  number  of  types  of  planimeters 
in  use,  differing  in  construction  but  operating  in  the  same 
manner.  The  mode  of  reading  may  diflfer  considerably,  but 
complete  instructions  are  invariably  furnished  with  each 
instrument. 

The  planimeter  should  be  used  on  a  smooth  level  surface; 
a  drawing  board  covered  with  a  heavy,  well-sized  paper,  or 
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with  bristol  board,  answers  very  well.  The  indicator  card  k 
is  fastened  to  the  board,  and  the  planimeter  is  set  in  about 
the  position  shown  in  Fig.  10-  The  starting  point  should  be 
marked  with  the  tracing  point  /,  and  the  recording  roller 
adjusted  to  zero.  The  outline  of  the  diagram  is  then  care- 
fully traced  with  the  point  /.  being  sure  to  stop  exactly  on 
the  starting  point.  The  reading  taken  will  be  the  area  of 
the  diagram,  in  square  inches.  The  M.  E.  P.  is  then  found 
by  dividing  this  area  by  the  length  of  the  diagram  on  a  line 
parallel  with  the  atmospheric  or  vacuum  line,  and  multiply- 
ing by  the  scale  of  the  spring. 

ExAMPLS.— The  aren  of  the  diagram  is  4.2  square  inches,  the  length 
is  3.5  inches,  and  a  40  spring  is  used:  find  the  M.  B.  P. 

4  2 
Solution.—    3^  X  40  =  48  lb.  per  sq.  in.  M.  E.  P.    Ans. 


14 


STEAM-ENGINE  INDICATORS 


§33 


1  2.  The  area  is  read  from  the  recording  wheel  and  ver- 
nier as  follows:  The  circumference  of  the  wheel  is  divided 
into  len  equal  spaces  by  long  lines  that  are  consecutively 
numbered  fr<im  0  to  9.  Each  of  these  spaces  represents  an 
area  of  1  square  inch  and  is  subdivided  into  ten  equal  spaces. 
each  of  which  represents  an  area  of  .1  square  inch.  Startiog 
with  the  zero  line  of  the  wheel  opposite 
the  zero  line  of  the  vernier,  and  moving 
the  tracing:  point  once  around  the  dia- 
gram, the  zero  of  the  vernier  will  be 
opposite  some  point  on  the  wheel;  if  it 
happens  to  be  directly  opposite  one  of 
the  division  lines  on  the  wheel,  that 
line  eives  the  exact  area  in  tenths  of  a 
square  inch.  The  zero  of  the  vernier, 
however,  will  probably  be  between  two 
of  the  division  lines  on  the  wheel,  in  which  case  write  down 
the  inches  and  tenths  that  are  to  the  left  of  the  vernier  zero. 
and  from  the  vernier  find  the  nearest  hundredth  of  a  square 
inch  as  follows:  Find  the  line  of  the  vernier  that  is  exactly 
opposite  one  of  the  lines  on  the  wheel.     The  number  of 
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spaces  <m  the  vernier  between  the  vernier  zero  and  this  It,  i 
is  the  number  of  hundredths  of  a  square  inch  to  be  adcX 
lo  the  inches  and  tenths  read  from  the  wheel.     An  exann^ 
is  presented    in    Fig.  11,   where   the  0  of    the  vernier     \ 
between    the    lines    on    the    wheel    representing    4.7 
4.8  square  inches,  respectively,  showing   that   the  are 
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somethins:  more  than  4.7  square  inches.  Looking  along 
the  vernier,  it  is  seen  that  there  are  three  spaces  between 
the  vernier  zero  and  the  line  of  the  vernier  that  coincides 
with  one  of  the  lines  on  the  wheel;  this  shows  that  .03  square 
inch  is  to  be  added  to  the  4.7  square  inches  read  from  the 
wheel,  making  the  area  4.73  square  inches,  to  the  nearest 
hundredth  of  a  square  inch. 

13.  While  the  Amsler  form  of  planimeter  is  very  con- 
venient, a  much  simpler  and  less  expensive  instrument, 
called  the  hatchet  planimeter,  shown  in  Pig.  12,  may  be 
used  for  measuring  the  areas  of  indicator  diagrams.  This 
simple  instrument,  if  accurately  made  and  used  with  proper 
care,  will  give  very  satisfactory  results.  It  is  made  of 
i-inch  steel  rod  bent  at  both  ends,  as  shown.  The  end  a  is 
sharpened  for  a  tracing  point,  and  the  other,  b,  is  flattened 
like  a  hatchet.  The  distance  between  the  tracing  point  and 
the  point  at  which  the  curved  hatchet  end  b  touches  the 
paper  should  be  at  least  twice  the  length  of  the  indicator 
diagram;   10  inches  is  a  desirable  length  for  ordinary  use. 

The  method  of  using  the  hatchet  planimeter  is  shown  in 
Fig.  13.  The  indicator  card  a  is  fastened  to  a  drawing 
board  over  a  piece  of  smooth  heavy  paper  b  or  bristol  board 
of  sufficient  size  to  furnish  the  surface  for  the  records  made 
by  the  hatchet.  The  center  of  gravity  c  of  the  diagram 
must  be  located.  This  may  be  done  approximately  by 
inspection,  or  it  may  be  found  accurately  enough  by  cutting 
out  the  diagram  and  balancing  it  on  the  point  of  a  pin. 
Draw  a  line  A  B  through  the  center  of  gravity  parallel  to 
the  atmospheric  line  /,  extending  on  the  bristol  board  beyond 
the  card  a.  With  c  as  a  center  and  the  length  of  the  plan- 
imeter as  a  radius,  describe  an  arc  d  on  the  paper  b.  Then 
place  the  planimeter  approximately  at  right  angles  to  the 
atmospheric  line  /,  with  the  tracing  point  at  c,  make  the 
mark  1  on  the  arc  d  with  the  hatchet  end,  and  proceed  with 
the  tracing  point  from  <:  to^  and  thence  over  the  outline  of 
the  diagram,  moving  clockwise  and  back  to  c.  The  hatchet 
will  stop  at  some  point  2  on  the  arc  d.     Next  revolve  the 
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mid-position  4  between  1  and  3  and  measure  the  distance  from 
4  to  2,  using  an  accurately  graduated  scale.  A  scale  gradu- 
ated to  fiftieths  or  Iiunclreilths  of  an  inch  is  most  convenient. 
The  area  of  the  diagram,  in  square  inches,  will  then  equal 
the  distance  4-2  multiplied  by  the  length  of  the  planinieter. 
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In  order  that  the  measurement  may  be  accurate,  it  is  neces- 
sary that  the  tracine  point  and  the  arc  forming  the  edge 
of  the  hatchet  lie  in  the  same  plane,  and  that  the  distance 
between  the  points  i  and  2  and  the  length  of  the  planimeter 
be  correctly  measured.  It  is  best  to  locate  the  actual  center 
of  gravity  of  the  diagram,  although  a  small  error  in  this 
respect  will  not  cause  serious  inaccuracy,  provided  that 
the  planimeter  is  set  approximately  at  right  angles  to  the 
atmospheric  line  when  starting. 

The  alinement  of  the  hatchet  with  the  point  may  be  tested 
by  drawing  a  straight  line  on  a  horizontal  drawing  board, 
and  then  placing  both  tracing  point  and  hatchet  on  the  line 
and  moving  the  tracing  point  along  it.  If  the  plane  of  the 
hatchet  is  true,  the  hatchet  will  follow  the  line;  if  not»  it 
will  run  either  to  one  side  or  the  other. 

14,  Where  a  planimeter  is  not  available,  Uie  following 
method  of  finding  the  M.  E.  P.  is  fairly  rapid  and  accurate: 
Draw  a  tangent  to  each  end  of  the  diagram  perpendicular 
to  the  atmospheric  line.  Divide  the  hori2ontaI  distance 
between  the  tangents  accurately  into  ten  or  more  equal 
parts;  ten  or  twenty  parts  are  the  most  convenient,  but  any 
other  number  may  be  used.  Indicate  by  a  dot  on  the  card 
the  center  of  each  division,  and  draw  lines  throxigh  these 
dots  parallel  to  the  tangents  from  the  upper  line  to  the  lower 
line  of  the  card.  On  a  strip  of  paper,  mark  off  succes-sively, 
and  with  care,  the  lengths  of  these  lines,  the  total  length  thus 
representing  the  sum  of  all  the  lines.  Measure  this  total 
length,  divide  by  the  number  of  measurements  made,  and 
multiply  the  quotieut  by  ilie  scale  of  the  spring;  the  result 
wiU  be  the  M.  £.  P. 

Example.— The  projection  of  the  head-end  diagram  ot  Fig.  7 
on  (he  atmospheric  line  is  the  distntice  ^/ ^,  Fig.  14,  aat]  it  is 
dixHded  in  thU  case  into  fourteen  equal  spaces.  The  ]eni(ths  of  the 
peri>eni!icular  lines  drawn  across  the  diagram  through  the  centers  of 
these  spaces  are  marked  nn  the  lines  theniaelves,  and  the  sum  of  these 
lengths  is  18.11  inches.     The  scale  of  the  spring  used  in  obtaining  the 


diagram  was  40;  therefore, 


ISA} 
14 


X  40  =  61.74  pounds  per  square  iDch- 


which  is  the  M.  E.  P.  of  the  head-end  diagram. 
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A  convenient  melhud  of  dividins:  the  kneth  .4  Z  into  foar- 
teen  equal  parts  is  tu  draw  any  other  line  from  A^  asAB. 
Fig.  14.  at  a  small  angle  to  A  Z,  and  tlien  to  lay  off  any  con- 
venient distance  A  C  fourteen  times  successively,  along  .4  5. 
Connect  the  last  point  /J  with  2,  and  from  the  other  points, 
V,/i,  etc.,  draw  lines  parallel  to  ^Z  until  they  intersect  .•! /. 
These  points  of  intersection  will  divide  the  line  AZ  into 
fourteen  equal  spaces.  The  middle  points  of  these  spaces 
can  then  be  located  by  direct  raeasxirement  and  the  ordinates 
erected  at  these  middle  points. 

A  shorter  method  is  shown  in  Fig.  15.     The  line  ZB  is 
drawn  so  as  to  make  a  small  angle  with  ZA.     Then  any 


«     ^     Si     3;     ^     § 
*:*     S     "S     ^     ■?     '^ 


J> 
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convenient  distance  ZC  is  laid  off,  as  shown.  Next,  this 
distance  ZC  is  doubled,  and  laid  off  thirteen  times  in  succes- 
sion from  the  point  C  to  the  point  O,  making  C/?,  /?/:. 
/:/'',  etc.,  each  equal  to  twice  ZC.  Finally.  G B  is  laid  off 
equal  to  ZC.  BA  is  then  drawn,  and  from  the  fourteen 
points  C  A /:',  etc.  alonjj  ZB  lines  are  drawn  parallel  to 
B A  and  continued  until  they  intersect  ZA.  At  the  points 
where  these  lines  intersect  Z A,  the  ordinates  are  erected. 

ExAMPLH.— The  pnijeclion  of  the  crnnk-end  diaKrani,  Fik.  S,  on 
the  utmosplicric  line  is  the  distuncv  A  Z,  Pig.  I'l,  nntl  it  is  divided  in 
this  case  inio    fourteen  equal   spnces   by  the  List   raethod  described 
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above.     The  lengths  of  the  perpendicular  lines  are  marked  on   the 
lines  themselves,  and  the  sum  of  these  lengths  ik  17.78  inches.    The 

scale  of  the  spring  is  40  pounds;  therefore,  —p.—  X  40  ^  50.8  pounds 

per  square   inch,  wliich   is  the  M.    E.  P.  of  the  crank-end  diagram. 

Therefore,  the    average    M.  E.  P.  in  the  cylinder  daring  a  complete 

1  .   61.74-1-50,8       -,  ™  .  .     . 

revolation  of  the  crank  is     ---„■ =  fil.27  pouods  per  square  inch. 

It  is  preferable  to  divide  the  diagram  into  ten  egual  parts, 
instead  of  some  other  number,  to  shorten  the  work  of  calcu- 
lation.    Thus,  in  the  two  examples  just  Riven,  if  the  number 


)    '   I    A 


Pto.  15 


fi-i- 


would  have  been 


=    1.2y-l  inches,  and  the  M,  E.  P., 


of  divisors  had  been  ten  instead  of  fourteen,  and  the  ^ium 
of  the  ordinates  had  been  12.94  inches,  the  mean  ordinate 
12.94 
10 

1.294  X  40  =  51.76  pounds  per  square  inch.  All  that  is 
necessary,  when  the  diagram  is  divided  into  ten  equal  parts, 
is  to  add  the  ordinates  and  shift  the  decimal  point  one 
place  to  the  left  to  obtain  the  mean  ordinate.  This  method 
saves  the  time  required  to  divide  by  some  inconvenient 
number,  as  fourteen.  ' 

15.  Sometimes  the  expansion  line  of  the  card  will  fall 
below  the  back-pressure  line,  as  shown  in  Fig.  16.  In  such 
a  case,  the  area  of  the  loop  ac  must  be  subtracted  from  the 
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remainder  of  the  card  bed.  When  the  planimeter  is  used, 
the  subtraction  is  made  automatically  by  the  instnimeni: 
but  when  the  card  is  divided  into  parts  by  the  method  of 
ordinates,  the  sum   of   the  ordinates  of  a^   must  be  sub- 
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tracted  from  the  sum  of  those  of  bed.  The  result  divided 
by  the  number  of  spaces  will  give  the  mean  ordinate;  multi- 
plyine  this  by  the  scale  of  the  spring  will  give  the  M,  E.  P., 
as  before. 

16.  llorsepoTver. — At]  the  data  necessary  for  finding 
the  work  done  in  the  engine  cylinder,  expressed  in  horse- 
power, are  now  at  hand.  Work  is  the  product  of  force 
and  the  distance  through  which  the  force  moves.  In 
the  case  of  the  engine  cylinder,  the  total  force  is  the 
M.  E,  P.  per  square  inch  multiplied  by  the  area  of  the 
piston;  and  the  distance  moved  through  in  a  minute  is 
the  number  of  strokes  in  a  minute  multiplied  by  the  length 
of  stroke. 

Let       /'  =  M.  E.  P.,  in  pounds  per  square  inch; 
A  =  area  of  piston,  in  square  inches; 
L  ==  length  of  stroke,  in  feet; 
N  —  number  of  svrokes,  per  minute. 
Then,  the  work  done  per  minute  is  PLAN  foot-pounds. 
One  horsepower  =  33,000  foot-pounds  per  minute.     There- 
fore, the  indicated  horsepower,  frequently  wTitten  I.  H.  P., 
of  the  engine  is  found  by  m^ans  of  the  formula, 

PLAN 
33,000 

Example. — The  diameter    (  the  pistoa  oi  an  engine  is  10  inches, 
and  the  length  of  s'.roke  it  inches;    it  makes  250  revolutions  per 
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minute,  witb  an  M.  E.  P.  of  40  pounds  per  square  tech;  wbat  is  the 
horsepower? 

SoLCTioN. — As  it  is  not  stated  whether  the  eagine  is  single-acting 
or  double-acting.  it  is  asstimed  that  it  is  double-acting;  then,  the  num- 
ber of  strokes  is  250  X  2  =  500  per  niin.     Substituting  in  ihe  formula, 
PL  A  A'       40  X  H  X  (10'  X  .7S64)  X  500 
33.000     °  33,000 


=  69.5  H.  F.     Ans. 


I 


17.  When  the  real  cut-off  and  the  steam  pressure  at  the 
be&finning  of  the  stroke  arc  known,  the  M.  E.  P.  may  be  found 
approximately  by  the  following  formula: 

M.  R.  P.  =  •**  ^il-*-2.3  1oi^^)  _  g^ 

€ 

in  which  P  =  absolute  steam  pressure,  that  is,  the  £auge 
pressure  +  14.7  pounds; 
t  =  ratio  of  expansion;  , 
p  =  absolute  back  pressure. 
P  is  usually  taken  as  about  3  pounds  for  condensing  engines. 
and  17  pounds  for  non-condensing  engines. 

Example. — A  non-condensing  engine  cuts  i)fl  at  two-thirds  stroke; 
the  clearance  is  5  ger  cent.;  the  gauge  pressure  is  bSk'i  pounds.  What 
is  the  upproximute  M.  K.  1'.? 


1.06 


315        63' 


Soi-UTJON.— From  SleamSngine  Mechanism,  *,  =>  #. 
.  _  *, +J  _  .66f -f  .06' _  :! II  _  215  _  43 
1+1         1.00+.05        '  - 

1      ta 
'  =  *  = 

/»  -  50.3  +  14.7  =  74  lb. 
■9/'(l  +  2.3  log*) 

f 


H.  E.  P. 


4-3-  ^^  %  =*  •l*^'*'- 


-.^p 


.9X74X(1-|-  2.3  X. 16587)        ^  ^  ._        ..  _  „ 
-a-- .9X1'  =  4j.o  lb. 


Ans, 


18.     The  product  L  N  oi  the  formula  of  Art.  16  gives 

the  total  distance,  in  feet,  traveled  by  the  piston  per  minute. 

This  is  called  the    piston    speed.      If  the   length  of  the 

LN 
stroke  L  be  given  in  inches,  the  piston  speed  will  be  -r^  • 

If  R  is  the  number  of  revolutions  per  minute. 
LN  ^  LX2_^  ^  LR 
12  12  6   ' 
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Letting  S  represent  the  piston  speed  in  feet  per  mionte, 

•^^  "6 

The  piston  speeds  used  in  modem  practice  are  about  as 

follows: 

Feet  per  Mixutb 

Small  stationary  engines 300  to  600 

Large  stationary  engines 800  to  1,000 

Corliss  engines     .       400  to  750 

Locomotive  engines    ...."..,.  600  to  1,200 

19,  Having  given  the  I.  H.  P.  of  the  engine  and  know- 
ing the  available  M.  E.  P..  there  are  two  methods  of 
calculating  the   length  of   stroke  and   diameter  of    piston: 

(1)  The  number  of  revolutions  and  the  ratio  of  the  length 
of  stroke    to    the    diameter   of  cylinder    may   be    assumed. 

(2)  A  suitable  piston  speed  may  be  assumed,  and  the  num* 
bcr  of  revolutions  and  length  of  stroke  chosen  to  correspond. 
An  example  will  serve  to  illustrate  the  above  methods. 

Given  an  engine  that  is  to  develop  250  I.  H.  P.  with  an 
M.  E.  P.  of  50  pounds  per  square  inch;  find  the  diameter  of 
piston  and  length  of  stroke. 

First)  assume  that  the  engine  makes  a  certain  number  of 
revolutions  per  minute,  as  75,  and  that  the  length  of  stroke 
in  inches  is  say  twice  the  diameter  of  the  piston.  Substi- 
tuting in  the  formula  of  Art.   16, 

QW  =  50XZ,X^  X  (75x2) 

33,000 
i^  =.  3M00  X^W  ^       00 
50  X  75  X  2 
In    this    expression.    L    is    taken    in    feet.      It     is    more 
convenient    to  use  inches,    so    both    sides  of    the    equation 
will  be  multiplied  by  12.     12  /.«  X  /^  =  L,n  X  -/  =   13.200. 
But   A  =  .7vS.')4  D^  and    L  =  2D,   according   to    the  above 
assumption. 
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Substituting.  Z^  = -22)  X  .7854/?' =  1.5708  Z?' =  13.200. 
D*  =  8,403 

D  =  <8,403  =  20.33  inches 
L  =  20.33  X  2  =  40.66  inches 
Since  it  is  customary  to  avoid  fractions  of  an  inch  in  the 
stroke  of  an  engine,  this  engine  would  be  given  a  stroke  of 
40  inches.  As  this  is  less  than  40.66  inches,  the  diameter  of 
the  cylinder  would  be  taken  as  20i  inches,  which  is  slightly 
greater  than  20.33  inches.  The  diameter  of  the  cylinder  is 
usually  given  to  the  nearest  i  inch. 

Second  method.     Assume  a,  certain  piston  speed,  say  500 


feet  per  minute;   then,  as  above,  260  = 
But  the  piston  speed  =  600  feet  —  /.  M 
Therefore.  250  =  ^^^^ 

250  X  33,000 


33.000 


or 


W  = 


=  330  square  inches 


60X600 
.7864  /r  =  330 
D'  =  420 
/?    =  20J  inches 
If,  as  before,  75  revolutions  per  minute  is  assumed,  the 
length  of  the  stroke,  from  the  formula  in  Art.  18,  is 
500x6 


75 


=  40  inches 


In  calculations  in  which  considerable  accuracy  is  required* 
allowance  must  be  made  for  the  area  of  the  piston  rod, 
which  reduces  the  effective  area  of  the  piston  on  the  side 
toward  the  crosshead.  To  the  area  of  piston  obtained  must 
therefore  be  added  one-half  the  area  of  the  piston  rod. 

Let  A  =  average  effective  area  of  two  sides  of  piston; 
W,  =  actual  area  of  piston; 
rt  =  area  of  piston  rod. 

Then  the  effective  area  on  the  head-end  side  of  the  piston 
is  Ai  and  the  area  of  the  crank-end  side  At  —  a.  The 
average  effective  area  is  therefore 


-4,-*-  [At- a)        2At-a 


=  v4.-? 
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That  is, 


A  ==  A.~ 


or. 


-4.  =  -^  +  ' 


Let  D  =  diameter  of   circle   equal    in   area   to   average 
effective  area  of  piston; 
D,  =  actual  diameter  of  piston; 
d  =  diameter  of  piston  rod. 
Then,  since  W  =  .7854  D\  A,  =  .7854  £>,".  and  d  =  .7SSAd\ 

formula  2  may  be  wTitten  .7864  A"  =  .7854  V  +  '1^^^ 


or 


A  =  V^ 


(3) 


RXAM1*LES    FOR    PRACTICE 

1,  The  TDcaD  onliaatcs  or  two  diagramK  taken  from  the  two  eods 
of  tJie  cylimler  of  an  18"  X  20"  non-conderKiiig  en^ne  running  at  t^ 
revulutiuus  ptr  minute,  nre,  respectively,  .72  inch  und  .76  inch  long; 
the  ficule  of  Hprin^  tiein^  KU,  what  is  the  horsepower  of  the  engine? 

Ans.  304.333  H.  P. 

S.  In  the  above  engine,  a^isiinie  the  initial  pressure  to  be  llSponods 
per  K(|uan)  inch,  ^auj^e,  the  apparent  cut-off  us  one-fourth,  and  tlie 
clearance  as  6  per  cent.  Find:  (a)  the  theoretical  M.  E.  P.;  {b)  tbe 
horsepower.  -„„  \{a)  64.41  lb.  per  sq.  in. 

•^"^•l(d)  3;«.I2  H.  P. 

3.  An  engine  ninnins  at  165  revnlntions  per  minute  has  a  strokeof 
2tt  inches:  what  is  the  piston  speeO?  Ans.  77U  ft.  per  mio. 

4.  If  an  eneritie  has  a  piston  speed  of  960  feet  per  minute,  and  mu 
At  7*J  revolatiuni)  per  minute,  what  is  the  length  of  the  stroke? 

Ans.  80  in. 

5.  Initial  pressure,  8'2  pounds,  gauge;  number  of  expansions,  1.8S; 
back  pressure,  4.2  pounds,  absolute;  what  is  the  theoretical  M.  E.  P7 

Ans.  7*J.48  lb.  per  sq.  in. 

e.  The  I.  H.  P.  of  an  engine  is  ri.^.42;  piston  speed,  480  feet  pet 
minnle;  M.  E.  P.,  61.15  pounds  per  square  inch.  Find  diameter  oi 
cylinder  to  the  nearest  \  inch.  Ans.  27j  in 

7.  A  ie"X20"engim:  develops  138  I.  H,  P.  with  35  pounds  M.  E.  P.; 
how  many  revolutionK  per  minute  does  it  make? 

Ans.  194.14  rev.  per  aiio. 
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8.  A  M"X68"  non-condensing  eagine  develops  1.382.4  I.  H.  P.. 
witli  an  initial  pressure  of  6.1  pounds,  gauge,  when  cutting  o9  at  one- 
fifth  stroke  and  runniug  at  82  revolutions  per  minute,  (a)  What  is 
the  actual  M.  E.  P.?  (d)  With  a  back  pressure  uf  1  pound  above 
the  atmosphere  and  a  clearance  of  'A  per  cent. ,  what  would  be  the  theo- 
retical I.  H.  P.  calculated  by  the  formulas  in  Arts,  lii  and  17? 

A„,  /{a)  22.083  lb.  persq.  in. 
^°*-\(*)  1.557  I.  H.  P,.  about 

9.  A  1&"  X  W  engine  nins  at  240  revolutions  per  minute;  what  is 
the  piston  speed?  Ans.  !>B0  ft.  per  mi. 

10.  If  the  average  M.  E.  P.  of  the  engine  in  the  last  example  is 
41.7.1  pounds  per  square  inch  and  the  diameter  of  the  piston  rod  is 
4  inches,  what  is  the  1.  H.  P.,  taking  the  piston  rod  into  consideration? 

Ans.  137.93  H.  P. 


20.  From  the  measurement  of  the  indicator  dia^ams 
has  been  obtained  what  has  been  termed  the  indicated  horse- 
power, that  is,  the  horsepower  developed  in  the  engine  cyl- 
inder. A  portion  of  the  I.  H.  P.  is  absorbed  in  overcoming 
the  friction  of  the  engine  itself.  The  remainder  is  available 
for  doing  the  required  work. 

The  power  absorbed  by  the  engine  itself  is  termed 
friction    horsepow^er. 

The  power  available  for  doing  useful  work  is  termed  the 
net,  or  uctuul,  horuepower. 

21.  The  actual  horsepower  of  any  engine  is  found  by 
first  computing  its  I.  H.  P.  from  a  set  of  indicator  diagrams 
taken  when  the  engine  is  running  under  full  load,  and  then 
subtracting  from  this  the  I.  H.  P.  computed  from  a  set  of 
indicator  diagrams  taken  when  the  engine  is  running  under 
no  load,  but  making  the  same  number  of  revolutions  per 
minute  as  before.  The  horsepower  developed  by  the  engine 
in  this  last  case  will  only  be  sufificient  to  keep  the  working 
parts  of  the  engine  in  motion  at  the  same  speed.  To  pro- 
duce this  result,  some  means  will  have  to  be  resorted  to  of 
checking  the  steam  supply.     These  will  be  discussed  later. 

ExAMPLK. — Indicator  diagrams  taken  from  an  engine  when  running 
under  full  load,  and  having  a  piRton  speed  of  4fiH  feet  per  minute, 
showed  an  indit-ated  Imrsepower  of  242.7.  With  the  same  piston 
speed,  and  running  under  no  load,  the  indicator  diagrams  showed  an 
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indicated  horeepower  of  29.2.    Therefore.  242.7  -  29.2  ^  213.5,  which 
is  the  octaal  horsepower  of  the  engine. 

It  has  been  found  that  the  frictional  losses  remain  very 
nearly  the  same  for  all  loads  at  a  constant  engine  speed. 
The  friction  of  the  eccentric  and  the  valve  motion,  of  the 
piston  in  the  cylinder,  and  of  the  piston  rod  and  valve  stem 
in  their  stuffineboxes  is  practically  constant.  The  variable 
losses  are  those  due  to  the  change  in  pressure  on  the  cross- 
head  guides,  the  crosshead,  and  crankpins,  and  the  main 
bearings.  If  these  parts  are  properly  lubricated,  the  varia- 
tion in  lost  work  for  the  extreme  range  of  load  is  slight. 
For  this  reason,  and  because  it  is  more  easily  obtained,  the 
friction  at  no  load  is  taken  for  the  friction  at  full  load  in 
calculating  engine  horsepower. 

22.  The  meelmiilcal  efflclenc.v  of  an  engine  is  the 
ratio  of  the  actual  horsepower  to  the  indicated  horsepower: 
or  it  is  the  percentage  of  the  mechanical  energ^y  developed 
in  the  cylinder  that  is  utilized  in  doing  useful  work. 

To  find  the  efficiency  of  an  engine,  when  the  indicated  and 
actual  horsepowers  are  known: 

Kiile. — Divide  tke  actual  horsepower  by  the  indicated 
horsepower, 

ExAUpLE.— The  indicated  horsepower  of  an  engine  is242.7,  and  the 

actual  horsepower  is  107.5.   Therefore,  ^^g^  *■  81 .38  per  cent,  efficiency. 

The  mechanical  efficiency  of  engines  in  good  order  varies  from  75 
to  92  per  cent. 

23.  The  efficiency  of  the  ideal  steam  engine  is  the 
same  as  that  of  any  other  heat  engine.  This  was  shown, 
in  Heat,  Part  2,  to  he 

t; 

where    7*,  =  absolute  temperature  of  the  entering  steam; 
7",  =  absolute  temperalxtre  of  the  exhaust  steam. 

Example. — The  pressure  of  the  enterinR  steam  is  100  pounds  above 
vacuum,  and  ut  exhaust  il  is  10  pounds  above  vacuum;  what  is  the 
efficiency  of  the  Ideal  engiae? 

SoLtrrioN. — Teraperature  of  incoming  steam,  from  Steam  Table, 
327.68".     Temperature  of  ejthuust  steam,  from  Steam  Table,  216.S2*. 
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Absolute  r,  =  327.58  +460  =  7H7.58.      Absolute  7*.  =  216..<$2  +  460 
=  tt7tl.33. 

_-   .               Ti~T,      "87.68  -  070.32        ,^,.       , ,  ,.  ^      ^ 

Efficiency  «  — ~ — =  = ^fSS ~  ~  P**"  "°  °*" 


HEADING  INDICATOn  DIAOnAMS 

24.  The  determination  of  the  indicated  horsepower  is  not 
the  only  or  the  most  important  function  of  the  indicator.  By 
its  use  defects  in  steam  distribution  may  be  detected,  tlie 
correction  of  which  may  result  in  largely  increased  economy 
in  the  working  of  the  engine. 

The  form  of  a  good  diagram  depends  largely  on  the  type 

a _ _9 
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of  engine,  the  style  of  valve,  and  the  speed,     The  same  style 
of  diagram  from  a]l  engines  is  not  possible  or  desirable. 
In  Fig.  17,     i  is  the  point  of  admission; 
2  is  the  point  of  cut-off: 
5  is  the  point  of  release; 
4  is  the  point  of  compression. 
Some  of  the  most  common  faults  in  steam  distribution  are 
given  below: 

1.     Admission  may  be  too  early; 
11.     Admission  may  be  loo  late; 
Itl.     Cut-off  may  be  too  early; 
IV^.     Cut-off  may  be  too  late; 
V.     Release  may  be  too  early; 
VI.     Release  may  be  too  lale; 
Vn.     Compression  may  be  too  early; 
VIII.     Compression  may  be  too  late. 
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25.  CHse  I. — The  effect  on  the  diagram  of  a  too  early 
admission  is  shown  in  Fig.  IS.  The  admission  line  la 
instead  of  being  straight  and  perpendicular  to  the  atmos- 
pheric line,  as  in  Fig.  17,  curves  backwards.  With  a  single 
sb'de   valve.  like  the   one   already  described,   all   the  other 


Pin.  IS 

events,  cut-off,  release,  and  compression,  will  also  be  too 
early.  The  remedy  is  to  decrease  the  angular  advance  of 
the  eccentric. 

26.     Case  II. — In  this  case,  the  admission  is  too  late,  and 
the  admission  line  1  tr  on  the  diagram  will  curve  forwards,  as 


J 
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shown  in  Fie.  1^.  The  remedy  is  to  increase  the  angular 
advance  until  the  admission  line  la  becomes  perpendicular 
to  the  atmospheric  line-  It  will  be  noticed  that,  in  the  case 
of  a  too  late  admission,  the  other  events  at  2,  and  partic- 
ularly at  5  and  4,   nre  also  too  late. 
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27.  Case  III.— Cut-off  too  early.  In  this  case,  the 
steam  expands  below  the  back-pressure  line  and  forms  a 
loop,  as  shown  at  ac,  Fig.  16.  This  may  be  remedied  by 
decreasing  the  outside  lap,  which  will  make  the  cut-off  later. 
This,  however,  will  make  admission  earlier,  but  further 
inspection  o£  the  diagram  shows  that  the  release  and  com- 
pression are  slightly  early,  which  will  allow  the  too  early 
admission  to  be  remedied  by  decreasing  the  angular  advance. 
It  will  be  seen  that  this  aids  in  making  the  cut-oS  still  later. 

28.  Cnse  IV.— Cut-off  too  late;  see  Fig.  20.  Here  it 
will    be  noticed   that   the   terminal    pressure    is   very  high. 
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When  this  is  the  case,  a  great  deal  of  the  benefit  of  expan- 
sion is  lost,  with  a  consequent  waste  of  steam. 

For  Cases  III  and  U',  make  the  cards  alike  for  both  ends 
of  the  cylinder.  For  a  too  early  cut-off  in  engines  in  which 
the  point  of  cut-off  is  regulated  by  the  governing  mechanism, 
as  in  the  Corliss  engine,  lower  the  boiler  pressure  or  decrease 
the  number  of  revolutions  per  minute.  For  a  too  late  cut- 
off, raise  the  boiler  pressure  or  increase  the  number  of  rev- 
olutions per  niinute. 

In  engines  with  throttling  governors,  the  cut-off  does  not 
change,  but  the  initial  steam  pressure  in  the  cylinder  is 
controlled  by  the  governing  mechanism.  To  make  the 
cut-off  earlier  or  later,  the  outside  lap  must  be  increased  or 
decreased,  or  the  angle  of  advance  must  be  changed,  if  this 
can  be  done  without  detriment  to  the  other  events. 
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The  cut-oflf  is  most  correctly  equalized  by  making  the 
terminal  pressure  at  both  ends  of  the  cylinder  the  same. 

Case  A'. — Relea<ie  too  early;  see  Fig.  IS. 

Case  VI, — Release  too  late;  see  Fig.  19. 

For  Cases  V  and  VI.  adjust  the  valve  so  that  one-half  of 
the  fall  of  pressure  from  the  point  of  release  to  the  back-pres- 
sure line  occurs  before  the  piston  starts  on  the  return  stroke. 

29.  Case  VH.^ — Compression  too  early.  Fig.  21  shows 
the  effect  of  too  early  compression.  A  loop  is  formed,  and 
the  area  of  this  loop  mu^i  he  subtracted  from  the  larger 
area  in  computing  the  M.  E.  P.  With  the  same  cut-off  and 
the  proper  amtmnt  of  compression,  the  area  gained  would 
be  ab4a,  included  between  the  line  ia  and  the  dotted 
If 
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Hne  a  6  4,  plus  the  area  of  the  loop.  The  remedy  iti  this 
case  is  to  decrease  the  amount  of  inside  lap. 

The  required  amount  of  compres.sion  depends  on  the  speed 
of  the  engine,  slow-running  engines  not  requiring  so  much 
compression  as  high-speed  engines.  In  any  case,  the  com- 
pression should  not  extend  above  the  initial  or  boiler  pressure* 

It  is  good  practice  to  compress  to  about  nine-tenths  the 
initial  pressure  with  high-speed  engines,  five-tenths  with 
medium-speed  engines,  and  from  two-tenths  to  three-tenths 
with  slow-speed  engines. 

Case  VIII. — Compression  too  late.  When  there  is  insuf- 
ficient compression,  the  engine  is  liable  to  pound  in  passing 
the  dead  centers,  The  remedy  is  to  increase  the  inside  lap 
until  the  pounding  disappears,  provided,  of  course,  that  the 
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noise  is  due  to  insufficient  cushioning  of  the  reciprocating 
parts.  An  engine  shtmld  have  no  more  compression  than  is 
required  to  enable  it  to  run  smoothly  and  quietly. 

All  the  above  faults  can  be  detected  as  soon  as  the  indi- 
cator is  applied. 

30.  With  a  plain  slide  valve,  it  will  be  found  that  if  one 
of  the  events  of  the  stroke  is  early  or  late,  the  others  are 
liable  to  be  so  also;  for  example,  an  early  admission  usually 
produces  an  early  release  and  compression. 

When  the  steam  line  falls  abruptly,  as  shown  in  Fig.  IS,  it 
may  be  inferred  that  the  steam  is  throttled;  that  is,  either 
the  steam  pipe  or  the  port  is  too  small  for  the  required  duty. 
A  very  high  piston  speed  would  also  produce  this  effect. 

The  diagram   shown   in   Fig.   22   indicates  that  the  back 


pressure  is  excessive.  This  may  be  the  case  when  the 
exhaust  port  is  loo  small  or  when  the  exhaust  steam  is  used 
for  beating  purposes,  and,  in  consequence,  has  to  be  pushed 
through  coils  of  pipe.         

STKAM  rONSUMPTlON 

31.  The  indicator  diagram  makes  it  possible  also  to  find 
approximately  the  amount  of  steam  consumed  by  the  engine. 
It  is  customary  to  express  the  steam  consumption  in  pounds 
of  steam  consvmed  per  horsepower  per  hour. 

Take  a  point  a  on  the  expansion  line  before  the  release,  as 
shown  in  Fig.  23;  measure  the  pressure  from  the  vacuum 
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line,  and  from  the  Steara  Table  find  the  weight  of  a  cubic 
foot  at  that  pressure.     The  cubic  contents  of  the  cylinder, 
including:  the  clearance,  up  to  the  point  a,  multiplied  by  the 
weight  per  cubic   foot,   will    give   the   weight  of   steam  in 
the  cylinder  at  this  instant.     Were  it  not  for  compression 
and  cylinder  condensation,  the  above  weight  would  represent 
the  steam  consumed  per  stroke.    On  account  of  compression, 
some  steam  is  saved  by  the  early  closure  of  the  exhaust  port. 
To  find  its  weight,  take  a  point  d  on  the  compression  cun-e, 
measure  its  pressure  from  vacuum,  as  before,  and  compute 
the  weight  of  the  steara  in  the  cylinder  up  to  A.     Subtract 
this  from  the  weight  first  obtained,  and  the  difference  will  be 


O 
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the  weight  of  steam  per  stroke',  accounted  for  by  the 
indicator.  Multiply  this  weight  per  stroke  by  the  number 
of  strokes  per  hour,  and  divide  by  the  I.  H.  P,  of  the  engine. 
The  result  will  be  the  steam  used  per  I.  II.  P.  per  hour. 

Example.— Fig.  2S  represents  an  indicator  diagram  taken  from  ao 
engine  with  an  IK"  x  24"  cylinder,  nmninf;  at  liO  revolutions  per  minute 
and  developing  l.'W  horsepower;  tlie  clearance  is  5  per  cent.  Find  the 
steam  consumption  per  ].  H.  P.  per  honr. ' 

Soi.rTiox. — Project  Die  two  entls  of  the  iliaRram  ]>eq>enriicularly 
on  the  vacuum  line,  as  at  r  unci  A;  f/i  is  then  the  lonEth  of  the  dia- 
gram, l^y  off  <r  O  equal  to  the  clearance— (hat  is,  equal  to  S  percent, 
of  f^.  Draw  O  }'  perpendicular  to  O/i.  Take  the  point  a,  near  the 
point  of  release,  and  measure  the  distances  a  $h  and  Om.     Take  the 
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point  6,  somewhere  on  the  coTupression  line,  and  measure  the  distances 

finaadOn.     The  nieasureroents  are  found  to  be:  am  =  .71  in.;  Om 

=  3.17  in.;  S  n  =  .6  in.;  On  =■  i  in.    The  tength  oF  the  diagram 

=  ^A  =  3i  in.;  the  length  of  the  stroke  is  2  ft.     Hence,  each  inch  of 

length  of  the  card  equals  2  ^  3i  =  .(>  ft.  of  stroke.     The  scale  of  the 

indicator  spring  is  45.     Hence,  the  above  measurements  reduced  to 

pressures  in  pounds  per  square  inch  and  feet  of  stroke  become:    am 

~    .71  X  45  =  31.»5  lb.;  A  «  =   .tt  X  46  =  27  lb.;   O  m  =  3.17  X  .6 

*=  1.9ft.;  a«  =  4X  .6  -  .2ft. 

2i>4  47 
The   area   of    the    piston   is   18'  X  .7854    =  2.'>4.47  sq.  in.    =  —171- 

«  K767  sq.  ft.  Consequently,  the  volarae  of  steam  in  the  cylinder, 
when  the  piston  is  at  the  point  represented  by  a,  is  1.9x1.767 
=  3.3.573  cii.  ft-  The  volume,  when  the  piston  is  at  A.  is  .2  X  1.767 
*?  .3534  en.  ft.  The  weight  of  a  cubic  foot  of  steam  at  an  absolute 
pressure  of  31.85  lb.  per  sq.  in.  is  found  from  the  Steam  Table  to  be 
.07800  lb.;  and  at  a  pressure  of  27  lb.  the  weight  is  .OGmiO  lb.  Hence, 
the  weight  of  the  steam  in  the  cylinder  is  .07809  X  3.3-573  =  .2ti217  lb.; 
while  the  weight  of  steam  saved  by  compression  is  .OikStiti  X  .3534 
=  .02ar»tl  U).  The  steam  usctl  ]ier  stroke  is.  therefurE.  .26217  —  .02356 
=  .23861  lb.,  and  the  amount  u.>^eil  per  I.  H.  P.  per  hour  is 
.23861  X  120  X  2  X  flO 
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=  28.43  lb. 


=  23.4  lb. 


Suppose  the  weight  of  the  steam  in  the  cylinder  to  be  calculated  by 
talcing  the  point  r.  near  the  point  of  cut-off.  cp  =  1,50  in  ,  or  1.59 
X  45  =  71.^.5  lb.;  Ofi  =  U  in.,  or  i  X  .6  =  .8  ft.  of  stroke.  The 
volume  of  steam  In  the  cylinder  when  the  piston  is  at  c  is.  therefore, 
.8  X  1.767  =  1.4136  cu.  ft.  One  cubic  foot  of  steam  at  the  pressure  of 
71. .55  lb.,  absolute,  weighs  .I6r>l  lb.  The  weight  of  the  steam  in  the 
cylinder  at  £  is,  therefure,  .1661  X  1.4136  =  .2MH  lb.  Subtracting  the 
steam  Ka\-«d  by  compres.sion,  the  steam  used  per  ntruke  is  .2348  —  .02356 
=  .21124  lb.,  and  the  steam  per  I.  K.  P.  per  hour  m 
.21V2A  X  120  X  2  X  (Kl 

i:ffl 

Now,  unless  the  valve  leaks,  the  weight  of  the  steam  when  (he 
pigtOQ  is  at  a  can  be  no  greater  than  when  it  is  at  c.  since  no  fresh 
steam  has  been  allowed  to  enter;  but  the  calculation  shows  that  there 
is  .26217  lb.  in  the  cylinder  when  the  piston  is  at  a,  and  only  .2348  lb. 
when  the  piston  is  at  r.  This  shnws  that  .26217  -  .2348  =  .02737  lb. 
has  been  condensed  to  water  by  the  time  the  piston  has  arrived  at  r. 
but  has  been  reevaporated  before  the  piston  arrives  at  a.  Hence,  by 
calculating  the  steam  consumption  at  cut-ofT,  and  then  at  release,  a 
good  idea  of  the  omount  of  cylinder  condensation  may  be  obtained. 
If  the  steam  used  by  the  engine  be  actually  caught  and  weighed  and 
then  compared  with  the  weight  as  calculated  from  release  an  idea  may 
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be  obtained  of  the  amount  of  condensation  at  release.    The  computed 
consumption  is  always  leas  than  the  actual  consumptioo. 

32.  Where  there  is  a  siifficieiU  amount  of  compression, 
the  work  may  be  simplified  by  taking:  the  two  points  a  and  A 
at  the  some  height  above  the  vacuum  line,  as  shown  in  Fig.  24. 
Since  the  absolute  pressure  at  a  and  b  is  the  same,  the  clear- 
ance may  be  left  entirely  out  of  account.  Then  the  volume 
of  steam  in  the  cylinder  at  the  pressure  a  is  represented  by 
the  line  Om.  During  exhaust,  this  volume  is  swept  out  of 
the  cylinder,  except  the  portion  remaining  when  the  exhaust 
closes,  and  when  compressed  to  the  pressure  S  it  is  repre- 
sented by  the  volume  Oh.     The  volume  swept  out,  at  tbe 

y 


u- 
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pressure  a,  is  therefore   Om  ~  On  —  x.      Let  y  represent 
the  volume  swept  tlirough  by  the  piston;  then  ^  represents 

y 

the  ratio  of  the  volume  of  the  steam  at  the  pressure  a  used 

in  one  stroke  to  the  total  displacement  of  the  piston   in  one 

stroke.     If  A  is  the  length  of  the  stroke,  in  feet,  and  A  the 

L  A 
area  of  the  piston,  in  square  inches,  - --   is  the  piston  dis- 

144 

r       L  4 
placement  in  cubic  feet.     Hence,  -  X    -7  equals  the  volume. 

y       144 

in  cubic  feet,  used  in  one  stroke.     This  volume  multiplied 

by  A',  the  number  of  strokes  per  minute,  by  <jO,  the  minutes 

in  an  hour,  and  by  w,  the  weight  of  I  cubic  foot  of  steam 
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at   the  pressure  a,  gives    the  total  weight  of   steam   used 
in  1  hour    by  the  engine.     The    total  weight   of   steam    is 

This  weight 


then^  X  ^  X  VVX  60X  »  =  **'^^'^^"' 
144 


y        144  144>' 

divided  by  the  indicated  horsepower  of  the  engine  as  repre- 

P  L  A  N 
sented  by  the  formula,  H.  P.  =         ruvr*  *'^**  £*^^  ^^  pounds 


of  Steam  per  I.  H.  P.  per  hour. 


&dxLANw  ^    33,000     ^    ^ 
^144 :;^  ^  PLAN'""^^ 


Let  Q  be  this  quantity;  then 
13,750  X  w 


Py 


-,  in  which 


P  is  the  M.  E.  P.  of  the  diagram  from  which  the  steam  con- 
sumption is  being  computed.  The  steam  consumption 
should  be  calculated  for  "both  the  head-end  and  crank- 
end  diagrams,  and  the  average  of  these  two  results  wil! 
then  represent  the  approximate  steam  consumption  of  the 
engine. 

ExAMPLB. — From  a  diagrum  taken  from  tin  18j"  X  30"  engine,  the 
foUowinK  raeasurenaents  were  obtained  (see  Fig.  24):  am  =  .007  inch; 
X  =  3.08  inches:  y  =  SJ>  inches;  M.  E.  F.  =35  pounds.  What  is  the 
steam  consumption  per  1.  II.  I',  per  hour? 

Solution. — The  indicator  diagram  being  taken  with  a  45  spring, 

the  pressure  at  a  is  4.^  X  .GH7  s  ;io  Ih..  absolute.  The  weight  of  a 
cubic  foot  of  stcain  at  this  pressure  is  .073t>  lb.  Substituting  in  the 
formula. 


Q  = 


13.750  X  w       13,760  X  3.08  X  .0736 


Py 


Sb  X  3.S 


-  3&.44  lb.    Ans. 


EXAMPLES    FOR    PRACTICE 

1.  Size  of  engine,  12  in.  X  20  in.;  length  >■  of  diagram,  3.4  inches; 
length  x,  2i  inches;  height  am,  }  inch;  spring,  .'K);  M.  E.  P.,  18  pounds 
per  square  inch.     What  is  the  steam  consumption  per  I.  H.  P.  per  hour? 

Ans.  2.1.30  lb.  per  I.  H.  P.  per  hr. 

2.  Sice  of  engine,  12  in.  X  12  in.:  M.  E.  P.,  51. 1  pounds;  length  y 
of  diagram.  2. B  inches;  length  ;r,  l.S  inches;  height  a  w,  .7  inch;  spring, 
70.     What  is  the  steam  consuraptiuii  per  I.  H.  P.  [)crhour? 

Ans.  21.72  lb.  per  I.  H.  P.  per  hr. 

3.  If.  in  the  engfne  in  example  2,  the  pressure  at  cut-off  is 
110  pounds,  absolute;  the  clearance  is  8  per  ueut.;  the  length  lA  the 
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diagram  to  the  point  of  cut-off  is  .7  inch;  the  pressure  at  a  poiot  on 
the  compression  curve  is  49  pounds,  absolute,  and  the  distance  of  this 
point  from  the  end  of  the  diag;ram  is  .14  inch,  what  is  the  steam 
consumption  per  I.  H.  P.  per  hour  at  cut-off? 

Ans.  19.14  lb.  per  I.  H.  P.  per  hr. 

NoTB.—Tbe  weight  of  steam  ahooldb*  calculated  at  the  point  of  tnit-ofl  anddnrnv 
compression  separately.  Id  example  8.  The  formula  in  Art.  8S  cannot  be  ajvUed 
directly. 
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TYPES  OF  SIMPLE   STEAM   ENGINES 

1,  Principal  Typt* s  of  SMcle- Valve  EiiKlnes. — There 
are  a  number  of  forms  of  sllde-vnlve  eiijflues,  varying 
principally  in  the  kind  of  valve  and  the  method  of  governing 
used.  The  principal  types  are:  those  with  throttling  gov- 
ernors and  tliose  with  variable  cut-off  mechanisms,  the  latter 
being  usually  regulated  by  shaft  or  fly-wheel  governors.  A 
throttling  governor  is  one  that  regulates  the  speed  of  the 
engine' by  varying  the  amount  of  opening  of  a  throttling 
valve  through  which  the  steam  must  pass  on  its  way  to  the 
engine  cylinder.  The  steam  is  thus  throttled,  or  wire-drawn, 
to  a  greater  or  less  extent,  and  the  mean  pressure  in  the  cyl- 
inder is  thus  varied  according  to  the  load  on  the  engine. 

In  engines  using  throttling  governors,  the  point  of  cut-off 
is  fixed.  In  engines  having  a  variable  cut-off,  the  point  of 
cut-off  is  changed  by  a  shaft  governor  according  to  the 
demands  for  power  made  on  the  engine.  A  ^tiaft  grov- 
ernor  is  a  mechanism  contained  in  the  flywheel,  or  in  an 
auxiliary  wheel,  the  purpose  of  which  is  to  regulate  the 
speed  of  the  engine.  This  type  of  governor  acts  directly 
on  the  eccentric,  changing  the  valve  travel  and  thus  regu- 
lating the  amount  of  steam  admitted  to  the  cylinder.  In  this 
respect  it  differs  from  the  throttling  governor,  as  the  latter 
does  not  affect  either  the  valve  travel  or  the  eccentric 
position. 
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from  coining  loose.  The  cylinders  has  a  front  headd  and  a 
back  head  r;  a  stuffingbox  /  is  placed  in  the  front  head  for  the 
purpose  of  holding  packing  around  the  piston  rod  to  prevent 
the  leakage  of  steam  from  the  cylinder  to  the  atmosphere. 
At  j;  and  ^  are  the  sleam  ports  through  which  the  steam 
passes  on  its  way  from  the  sleam  chest  A  to  either  end  of  the 
steam  cylinder  as  the  slide  valve/  moves  to  and  fro.  The 
exhaust  also  passes  out  of  the  ports  .i/- and  ^'  into  the  valve 
cavity  and  out  through  the  exhaust  port  J  to  the  atmosphere 
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throngrh  a  pipe  not  shown.  The  valve  stem  k  is  threaded  and 
screwed  into  the  valve,  being  held  by  the  jam  nut,  as  shown. 
It  passes  out  of  the  steam  chest  through  a  stuffingbox  similar 
to  the  one  used  on  the  piston  rod.  The  engine  frame  w, 
Fig.  1  (fl),  carries  the  crosshead  guides  n,  and  also  the  main 
bearings  o,  if  in  which  the  shaft  p  turns.  The  connecting- 
rod  q  is  connected  to  the  crosshead  at  one  end  and  to  the 
crank-disks  r,  ?■'  at  the  other  end.  The  flywheel  s  \%  attached 
directly  to  the  shaft,  as  is  also  the  eccentric  /,  The  eccen- 
tric rod  u  connects  the  eccentric  with  the  valve  stem  and 
gives   the  valve  its  to-and-fro  motion.     At  v  is  shown  the 
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throttle  valve,  which  admits  or  shuts  off  the  steam  from  the 
boiler  to  the  cylinder.  The  cylinder  lubricator  is  shown  at 
w  and  the  governor  at  x,  the  latter  forming  a  part  of  the 
steam-pipe  connections. 

3.  The  Valve  and  Its  Morion. — The  action  of  the 
eccentric,  as  already  explained,  is  simply  that  of  a  crank, 
which  moves  the  slide  valve  back  and  forth  on  its  seat.  The 
eccentric,  being  fixed  to  the  shaft,  gives  an  unvarying  valve 
motion,  so  that  the  admission  and  cut-off  of  the  steam  and 
the  opening  and  closing  of  the  valve  to  exhaust  are  always 
the  same.  This  type  of  valve  is  wasteful  of  steam  because  the 
point  of  cut-off  is  fixed  and  the  steam  is  admitted  for  the 
same  portion  of  tlie  stroke  of  the  engine  for  all  loads.     It  will 


SIMPLE  NON-CONDENSING 


\U 


be  seen,  also,  that  the  valve  is  subjected  to  steam  pressure 
on  the  entire  outer  surface,  while  on  the  inside,  it  is  subjected 
to  pressure  on  only  the  very  small  area  over  the  steam  pons. 
The  unbalanced  steam  pressure  on  the  valve,  therefore, 
forces  it  down  on  its  seat,  and  causes  an  amount  of  friction 
and  wear  that  is  largely  unnecessary. 


THE    GOVERNOR 

4.  Puri>os4»  ol  the  Governor. — When  a  steam  eneine 
is  running  at  a  uniform  speed,  the  work  done  by  the  steam 
in  the  cylinder,  neglecting  friction,  must  just  equal  ihe 
resistance  overcome  at  the  flywheel  rim.  Should  the  resist- 
ance become  less  than  the  work,  the  amount  of  work  in 
excess  of  that  necessary  to  overcome  the  resistance  will  cause 
/\  the  moving  parts  to  move 

^^  faster  and  faster,  and  the 

engine  will  "race"  or  "nia 
away."  If .  on  the  contrary, 
the  resistance  should  ex- 
ceed the  work,  the  engine 
wilt  slow  down,  and  finally 
stop.     The  work  required 

[— j  ^  HI  ff~[W\'T-{' /^  **'    ^^^  engine  cannot,  of 

course,  remain  always  con- 
stant; hence,  it  is  necessary 
to  have  some  means  of 
-fTTi  O  ■  I  automatically  adjusting  the 
steam  supply  to  the  varia- 
tions in  the  resistance. 
This  is  accomplished  by 
the  (covernor, 

5.    Tlirottllngr  Gov- 
ernor,— The    o  rdinary 
P"-  2  throttling  governor,  shown 

in  Fig.  2,  consists  of  a  balanced  throttle  valve  placed  on  the 
steam  pipe  a;  this  valve  is  otlacheU  to  the  spindle  d,  at  the 
upper  end  of  which  are  the  two  flybuLls  cc,  each  arm  and 
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flyball  forming  what  is  known  as  a  rcvolvlnpr  prnrtiilum. 
The  spindle  and  balls  are  driven  from  the  main  shaft  of  the 
engine  by  a  belt  on  the  pulley  d,  and  by  the  bevel  gears  e.  If 
the  engine  moves  faster  than  the  desired  speed,  the  flyballs  are 
forced  to  revolve  at  a  higher  speed,  and  wilU  consequently, 
move  outwards  and  upwards  through  the  action  of  centrifugal 
force.  This  forces  the  spindle  b  downwards  and  partly  closes 
the    throttle  valve.    The  ^ 

engine  thus  takes  less  steam 
and  the  speed  falls  to  the 
desired  point,  the  governor 
balls  in  the  meantime  return- 
ing to  their  original  position. 
Should  the  resistance  become 
greater  than  the  power  of  the 
engine,  it  slows  down  slightly 
and  the  balls  drop  and  open 
the  valve  wider.  More  steam 
is  admitted  and  the  engine 
immediately  regains  its  orig- 
inal speed.  The  chief  objec- 
tion to  the  throttling  governor 
is  that  the  steam  is  wire- 
drawn. The  term  wiredrawn 
is  applied  to  any  case  in  which 
the  steam  pressure  is  reduced 
owing  to  the  insufficiency  of 
valve  opening;  the  term 
ihroiiled  is    also    applied    to  P'"  " 

such  cases.  Steam  is  more  or  less  wiredrawn  in  all  engines 
fitted  with  plain  slide  valves;  the  rounded  comers  on  the 
indicator  diagram  prove  this;  this  is  because  the  movement 
of  the  valve  is  comparatively  slow  when  opening  and  closing 
the  ports.  With  Corliss  and  other  releasing  gear  engines, 
the  valve  movement  at  cut-off  and  release  is  very  rapid, 
and  the  wiredrawing  very  slight. 

Another  form  of  ihruitling  governor,  which  is  similar  to 
the  one  shown  on  the  engine  in  Fig-  1,  is  shown  in  Fig.  3; 
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this  is  known  as  the  Plckerlnjf  erovernor.  There  arc 
three  balls,  and  they  move  outwards  against  the  resistance 
of  gravity  and  the  three  flat  springs  s.  In  so  doing,  they 
lower  the  valves  v  and  z/.  The  steam  enters  at  k,  flows 
in  the  direction  o(  the  arrows,  and  then  through  >  into  the 
steam  chest.  Since  the  steam  presses  against  these  two 
valves  in  opposite  directions  and  with  equal  intensity,  they 
are  balanced.  The  object  of  using  two  valves  instead  of  one 
is  to  afford  a  large  opening  with  a  small  lift  of  the  valve. 

6.     Indicator  Dla^ramK  From  Knglne  with  Throi- 
tliug  Governor, ^Fig.  4  shows  indicator  diagrams  taken 
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from  a  plain  slide>valve  engine  with  a  throttling  governor 
working  under  a  variable  load.  In  this  type  of  engine,  the 
steam  line  of  the  indicator  diagram  always  inclines  toward 
the  atmospheric  line  instead  of  being  nearly  parallel  to  it, 
as  in  the  diagrams  previously  given;  in  consequence  of  this, 
the  mean  effective  pressure  is  less.  This  inclination  of  the 
steam  line  is  shown  by  the  lines  a»^,f»  and  d.  Fig.  4,  wbidi 
shows  the  diagrams  for  four  loads  on  the  engine.  It  will  be 
noticed  that  the  back-pressure  line  e  is  constant  for  alt  loads, 
and  that  the  point  of  cut-ofT  /  comes  at  the  same  place  in  the 
stroke  in  each  case. 


CDT-OFr    OB    EXI'AKSIOS    TAI,VKB 

T.  Purpoi*o  of  Cut-Off  Valvos. — In  order  to  extend  the 
range  of  cut-oiT  beyond  that  which  may  be  obtained  with 
the  plain  slide  valve  driven  by  a  fixed  eccenti"ic,  and  at  the 
same  time  to  leave  unaffected  the  events  of  admission, 
release,  and -compression,  various  types  of  auxiliary  valves, 
generally  known  as  cxpuuHlou  valves,  or  cut-off  valves. 
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have  been  desiemed  for  use  in  conjunction  with  the  plain  slide 
valve.  These  auxiliary  valves  are  generally  driven  by  sepa- 
rate eccentrics.  Their  sole  purpose  is  to  stop  the  flow  of  steaai 
to  the  cylinder  at  the  desired  point  in  the  stroke,  leaving  the 
other  features  of  steam  distribution  to  be  controlled  by  the 
main  valve  in  the  usual  manner.  Since  the  point  of  cttt-ofl 
is  the  only  event  controlled  by  the  auxiliary  valve,  any 
change  in  the  proportions  of  this  valve  or  in  the  position  ot 
its  eccentric  that  will  secure  the  desired  change  in  cut-ott 
maybe  made  without  affecting  the  other  events  in  the  steam 
distribution.  Consequently,  the  point  at  which  the  auxiliary 
valve  cuts  off  the  supply  of  steam  may  be  varied  in  any  con- 
venient way;  for  example,  the  lap  of  the  valve  or  the  angle 
of  advance  or  the  eccentricity  of  the  auxiliary  eccentric  may 
be  changed  as  may  be  most  convenient. 

8.  CJonzenbacli  Valve.- — A  simple  application  of  the 
cut-off  valve,  known  as  the  Gonzeiibuch  valve,  is  shown 
in  Fig.  5.     The  main  valve  K  is  a  plain  slide  valve  driven  by 
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a  fixed  eccentric  in  exactly  the  same  manner  as  in  the  plain 
slide-valve  engine.  This  valve  is  given  such  proportions  as 
will  secure  the  desired  points  of  admission,  release,  and 
compression,  care  being  taken  that  the  lap  is  such  that  it 
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will  not  ctit  off  steam  earlier  in  (he  stroke  than  the  latest 
point  at  which  it  may  be  desired  to  have  cut-off  occur, 
usually  about  three-fourths  stroke. 

The  main  valve  is  located  in  a  section  5"  of  the  steam 
chest  that  is  separated  from  the  remainder  by  a  plate  or 
partition  /.  This  partition  has  ports  or  openings  t,  t  that 
form  passages  connectine  the  tw^D  chambers,  and  it  also 
forms  the  valve  seat  of  the  auxiliary  valve  *.  The  auxiliary 
valve  has  jwrts  s,s.  It  is  driven  from  the  main  shaft  by  an 
auxiliary  eccentric.  When  it  is  in  mid-position,  as  shown  in 
the  figure,  the  ports  /,  /  are  open  and  allow  steam  to  fill  the 
chamber  around  the  main  valve.  As  it  moves  either  way 
from  the  mid-position,  it  covers  the  ports  /,  /,  and  so  shuts 
off  the  supply  of  steam  from  tlie  main  valve. 

The  main  valve  is  set  in  exactly  the  same  manner  as  any 
plain  slide  valve.  The  auxiliary  valve  must  be  so  propor- 
tioned and  set  that  it  will  open  the  ports  /,  /  as  soon  as  or 
before  the  main  valve  opens  the  main  port,  but  they  must 
not  be  reopened  before  the  cut-off  occurs  with  the  main 
valve,  otherwise  steam  will  be  readmitted  to  the  cylinder 
and  the  effect  of  cut-off  will  be  destroyed.  The  point  oi 
cut-off  may  be  varied  by  changine  either  the  eccentricity  or 
the  angle  of  advance  of  the  auxiliary  eccentric,  the  latter 
being  the  more  common  method. 

A  disadvantage  of  this  type  of  expansion  valve  is  that 
when  cut-off  takes  place,  the  space  in  the  main-valve  cham- 
ber is  filled  with  steam.  This  has  the  effect  of  increasing 
the  clearance  during  the  period  of  expansion,  and  thus 
destroys  some  of  the  benefits  derived  from  the  earlier  cut- 
off. On  account  of  these  limitations  and  disadvantages, 
this  simple  form  of  expansion  valve  is  but  little  used. 

9.  Meyer  Cut-Off  Valve. — An  improvement  on  the 
preceding  type  and  one  that  is  free  from  most  of  its  dis- 
advantages is  the  Meyer  riil-off  valve.  The  main  valve 
consists  of  a  flat  plate  with  a  chamber  «■  un  the  under  side. 
It  acts  in  exactly  the  same  manner  as  a  plain  slide  valve, 
from  which  it  differs  only  in  that  the  ends  of  tlie  valve  are 
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extended  so  as  to  form  passages,  or  ports,  a,  a  leading  to  the 
edges  that  control  the  admission  of  steam  to  the  cylinder. 
The  cut-oS  valve  consists  of  two  plates  ^,  d  that  slide  on  the 
top  of  the  main  valve  so  as  to  close  the  passages  a,  a  at 
the  point  at  which  it  is  desired  to  have  cut-off  lake  place. 

a 


The  main  valve  is  driven  from  its  eccentric  by  the  valve 
stem  (/,  and  the  cut-off  valve  Is  operated  from  a  separate 
eccentric  by  the  valve  stem  r.  The  main  eccentric  is  set  in 
the  same  manner  as  with  the  plain  slide  valve.  The  auxiliary 
eccrentric  is  so  set  that,  when  cut-off  takes  place,  the  cut-off 
valve  has  a  motion  opposite  in 
direction  to  that  of  the  main 
valve.  The  cut-off  valve  thus 
closes  the  passage  a  through 
which  steam  is  being  admitted 
to  the  cylinder.  The  action  may 
be  studied  by  considering  Fig.  7 
in  connection  with  Fig.  6. 

10.  In  Fig.  7,  Oa  represents 
the  crank  in  the  dead-center 
position,  corresponding  to  the 
valve  position  shown  in  Fig.  B,  while  OS  and  Oc  represent 
the  corresponding  positions  of  the  main  and  aiixiUary  eccen- 
trics. U  will  be  noticed  that  the  main  eccentric  OS  is  set  in 
its  usual  position  of  QO'^  +  angle  of  advance  ahead  of  the 
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crank,  thus  giving  the  main  valve  the  amount  of  lead  shown 
in  F*!?.  6.  The  auxiliary  eccentric  Oc  is  set  in  a  position 
nearly  opposite  to  that  of  the  crank.  By  inspecting  the  two 
figures,  it  is  seen  that  as  the  crank  moves  in  the  direction 
shown  by  the  arrows,  the  main  valve,  driven  by  the  eccentric 
06,  will  move  to  the  right  and  open  the  left-hand  port;  at 
the  same  time,  the  cut-off  valve,  driven  by  the  eccentric  Oc, 
will  move  to  the  left  and  close  the  passage  a  as  soon  astbe 
combined  motion  of  the  two  valves  is  equal  to  the  distance/, 
Fig.  6. 

The  valve  stem  r,  Fig.  6,  is  provided  with  right-  and  left- 
hand  threads  that  work  in  threaded  plates  or  nuts  in  the 
valve  plates  d,  b.  By  turning  c  in  one  direction  or  the  other, 
the  distance  between  the  outside  edges  of  the  plates  b^b  can 
t>e  increased  or  diminished.  If  llie  distance  between  the 
plates  is  increased,  the  distance  /  becomes  shorter  and  cut-off 
takes  place  earlier;  the  opposite  adjustment  makes  cut-off 
take  place  later.  As  usually  arranged,  the  rod  c  may  be 
tunied  by  a  hand  wheel  placed  outside  the  steam  chest,  so 
that  cut-off  may  be  changed  while  the  engine  is  ruaning. 

11.  A  modification  of  the  Meyer  valve  is  shown  in  Fig.  8. 
Here   the   cut-ofF   valve  consists  of   a    single  plate  a  with 
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inclined  edges  working  over  a  main  valve  b  having  passages 
similarly  inclined.  The  cut-off  valve  stem,  in  addition  to  the 
endwise  motion  given  to  it  by  its  eccentric,  may  be  rotated. 
It  carries  a   pinion  p  that  works   in  a  rack  on  the  cut-oflE 
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valve.  By  this  means, 
the  cut-off  valve  may 
be  moved  across  its 
seat  on  the  main 
valve;  this  will  have 
the  same,  eifect  on  the 
distance  between 
the  edges  of  the  cut- 
off  valve  and  the 
edges  of  the  ports 
through  the  main 
valve  as  the  changes 
made  by  the  right- 
and  left-hand  screws 
on  the  distance  be- 
tween the  plates  of 
the  Meyer  valve. 

Another  somewhat 
similar  modification 
is  made  by  giving 
the  cut-off  valve  and 
its  seat  a  cylindrical 
form;  in  this  case,  the 
ends  of  the  cut-oft 
valve  and  the  open- 
ings through  the  main 
valve  are  helical,  their 
shape  being  the  same 
as  though  the  valve 
and  seat  of  Fiff.  8 
were  wrapped  around 
a  cylinder.  By  rota- 
ting the  cut-off  valve 
around  its  center  by 
means  of  the  valve 
stem,  the  same  effect 
is  produced  as  by 
sliding  the  cut-off 
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valve  in  Fip.  8  across  its  seat.  The  tumine:  motion  of  the 
valve  stem  in  the  two  tjrpes  of  cut-off  valves  here  described 
is  often  accomplished  by  a  governor,  ihus  producing  an  engine 
with  an  automatic  cut-off. 

12.  An  improved  Meyer  cut-off  valve  that  is  used  very 
largely  in  connection  with  air  compressors  is  shown  in  Fig.  9. 
The  steam  ports  of  the  cylinder  are  shown  at  a,  a*  and  the 
exhaust  ports  at  ^,  b';  there  are  two  exhaust  ports  in  this 
case,  instead  of  one,  in  order  to  bring  them  nearer  the  eads 
of  the  cylinder  and  shorten  the  steam  ports.  The  main 
valve  t:  has  two  steam  passages  d,  d'  and  two  exhaust  pas- 
sages e^^\  it  will  be  noticed  that  the  exhaust  passage  e  of 
the  valve  is  long  enough  to  cover  both  the  steam  port  a  and 
exhaust  port  b  when  the  left-hand  end  of  the  cylinder  is 
exhausting. 

On  the  cut-off  valve  stem  /  are  right-  and  left-hand  square 
threads  turning  in  nuts  to  move  ihe  cut-off  valves  g^^ 
toward  each  other  or  apart  as  the  cut-off  is  regulated.  The 
valve  stem  /extends  through  the  stuffingbox/i  and  a  sleeve/ 
held  in  the  bracket  /.  The  sleeve  /  has  a  hand  wheel  fixed 
on  its  outer  end;  the  sleeve  is  free  to  rotate  in  the  bracket 
and  is  spltned  to  the  valve  stem,  so  that  the  stem  must  turn 
with  it  and  the  hand  wheel,  but  is  free  to  move  longitudinally 
through  them.  By  turning  the  hand  wheel,  the  cut-off  is 
easily  changed  while  the  engine  is  in  motion.  In  the  posi- 
tion shown,  tht  left-hand  end  uf  the  cylinder  is  exhausting 
and  the  steam  has  been  cut  off  from  the  right-hand  end. 
One  objection  to  the  Meyer  valve  is  that  it  is  unbalanced, 
and  hence  has  excessive  friction,  as  in  the  case  of  the 
D  slide  valve. 

AiriX>MATIC    IIIt;il-bJ»KKI>    KNOINEH 

13.  Prlnflpal  FtMitiirfK  of  Aiitonidtlc  Eniortnes. 
Autotnatlc*  ht^li-Hptril  eiitfliiert  belong  to  a  class  of 
engines  brought  into  use  by  the  demands  of  electric  light- 
ing. They  are  called  automatic  because  the  point  of  cut-off 
is  automatically  changed  by  a  shaft  governor,  which  acts 
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directly  on  the  eccentric  and  affocts  the  cut-ofE  by  chansnng 
cither  the  throw  of  the  eccentric  or  the  angle  of  advance,  or 
sometimes  both.  These  engines  usually  run  at  200  or  more 
revolutions  per  minute.  The  governors  must  be  sensitive 
and  respond  readily  to  great  changes  of  load,  so  that  the 
total  variation  of  speed  shall  not  be  more  than  about  2  per 
cent.  This  means  exceptionally  close  regulation,  for  which 
flybal]  governors  are  inadequate. 

So  far  as  the  construction  of  the  frame,  cylinder,  and 
reciprocating  parts  are  concerned,  tlie  automatic  hieh-speed 
engine  generally  resembles  the  plain  slide-valve  engine  illus- 
trated in  Fig.  1.  The  great  difference  lies  in  the  valve  cod- 
structioa  and  the  method  of  governing. 


THE    STBAIGHT-IJNB    ENGINE 

14,     There  is,  however,  one  type  of  automatic  high-speed 


^r 


Pig.  10 

engine  that  differs  quite  radically  in  its  general  construction 
from  other  high-speed  engines;  uamely,  the  HtrulKtLt'-nne 
engine. 
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This  engine  was  designed  with  two  main  ideas  in  view; 
one  being  that  any  structure  having  considerable  length  and 
breadth,  in  proportion  to  depth,  must  be  supported  on  three 
points  to  avoid  twisting  when  on  an  unstable  foundation,  or 
when  subject  to  expansion  or  contraction;  and  the  other  that 
all  stresses  act  in  straight  lines. 

Fig.  10  shows  this  engine  set  on  its  foundation.  On  the 
bedplate  b  are  three  supports  a,  d,  and  e  on  which  rests  the 
engine  proper  and  which  are  so  constructed  that  the  engine 
will  not  be  thrown  out  of  alinement  if  the  foundation  should 
settle  unevenly. 

The  horiaontal  section,  Fig.  11,  illustrates  much  of  the 
mechanism  of  the  engine,  instead  of  one  large  flywheel, 
two  smaller  ones^,^  are  used.  They  are  fastened  together 
by  a  large  crankpin  p\  the  rims  are  rectangular  in  section 
and  hollow.  The  following  are  the  principal  parts:  r  is  the 
connecting-rod,  s  the  shaft,  h  the  crosshead,  k  the  piston  rod, 
/  the  piston,  m  the  stuffingbox,  c  the  cylinder,  x  the  valve 
chest,  2  the  balance  plate,  v  the  valve,  /  the  valve  seal,  y  the 
valve  stem,  e  the  eccentric,  and  w  the  eccentric  rod.  The 
crosshead  pin  /  is  hollow,  and  is  fast  to  the  connecting-rod  r, 
and  turns  in  babbitt-lined  boxes,  which  may  be  adjusted  by 
means  of  the  wedges  a  and  b  and  the  bolt  d. 

Fig.  12  shows,  in  section,  a  valve  of  the  form  used  in  this 
engine.  It  is  of  the  pressure-plate  type.  The  valve  v  works 
between  the  pressure  plate  a  and  the  seat  b.  The  plate  a 
relieves  the  pressure  on  the  back  of  the  valve  and  thus  pre- 
vents excessive  friction,  which  would  not  only  consume 
power  but  would  also  prevent  the  proper  working  of  the 
governor.  This  arrangement  also  permits  the  use  of  a 
larger  valve  with  a  greater  travel  and  a  greater  port 
opening.  Distance  pieces  at  the  sides  prevent  the  pressure 
plate  a  from  resting  on  the  valve.  There  are  two  oi>enings 
through  the  valve  for  steam  and  two  for  exhaust.  The 
manner  in  which  the  steam  passages  r,  c  through  the  valve 
double  the  port  openings  is  shown  by  the  arrows.  Live 
steam  enters  at  c  and  r/,  and  the  exhaust  from  the  other  end 
of  the  cylinder  passes  beneath  the  valve  at  e  and  through 
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a  weight  a,  on  a  lever  arm  b  b'  connected  to  the  eccentric 
by  a  link  r.  and  to  a  spring  d  by  a  metal  strap  c.  The  loca- 
tion of  the  ball  is  so  chosen  that  it  is  a  counterbalance  to 
the  eccentric  and  its  attachments.  The  eccentric^ is  carried 
by  the  plate  //  pivoted  at  (". 

When  the  speed  reaches  a  point  where  the  centrifugal  force 
of  the  weight  a  is  greater  than  the  resistance  of  the  spring  </, 
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it  moves  outwards  from  the  center  of  the  shaft,  causing 
the  arm  d  b'  to  turn  on  the  pin  /,  and  the  link  c  to  move 
inwards,  shifting  the  eccentric^  to  the  left.  This  change  of 
position  of  the  eccentric  decreases  its  throw  and  the  travel 
of  the  valve,  and  controls  the  amount  of  steam  admitted  to 
the  engine  cylinder.  When  a  sudden  load  is  thrown  on  the 
engine,  the  speed  begins  to  decrease.  The  centrifugal  force 
is  lessened  and  the  spring,  by  means  of  the  metal  strap, 
pulls  the  ball  nearer  to  the  shaft.  This  shifts  the  eccentric 
to  the  right  by  means  of  the  link,  as  shown  in  (he  figure, 
thus  decreasing  the  angular  advance,  and  cut-otf  takes  place 
later  in  the  stroke.  As  the  steam  at  initial  pressure  is 
admitted  up  to  a  later  point  in  the  stroke,  the  mean  effective 
pressure  and  the  work  done  are  increased  and  the  engine 
speeds  up  to  its  correct  number  of  revolutions  per  minute. 
Since  this  governor  depends  for  its  action  on  the  centrifugal 
force  of  the  weight,  it  is  known  as  a  centrifugal  governor. 


INDICATOR    DIAORAMS    OF    AUTOMATIC    KNGINES 

16,     The   automatic   engine  is  liable  to  be   subjected  to 
sudden  changes  of  load.     Fig.  14  shows  a  series  of  diagrams 

a 
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from  an  automatic  engine,  taken  at  a  time  when  the  Toad  was 
changing.  The  effects  of  the  variable  load  and  the  resulting 
changes  in  the  cut-off  are  shown  by  the  successive  expansion 
curves  1,2,3,  etc.,  and  1',2',3'y  etc.  The  admission  lines  a 
are  practically  horizontal  for  all  loads.     Taken  in  the  order 
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/,  2, 3,  the  expansion  lines  show  increasing  loads  on  th'^ 
engine;  if  taken  in  the  reverse  order,  they  show  decreasitj 
loads.  The  back-pressure  lines  i,  /'  from  opposite  ends  oE 
the  cylinder  coincide  for  part  of  their  length.  The  back- 
pressure line  /  and  the  compression  curve  J  are  the  same  it 
all  loads.     The  same  is  true  of  i'  and  /. 


VALVES    FOR    AUTOMATIC    ENGINR8 

17.     It  is  well  known  that  the  action  of  a  shaft  govenwr 
is  materially  affected  by  the  force  required  to  drive  the  valve; 
a  plain  D  slide  valve,  requiring  as  it  does  a  great  drivinj 
force,  not  only  absorbs   a  considerable    proportion  of  the 
power  of  the  engine,  but  has  a  distnrhing  effect  on  the  action 
of  the  governor  that,  especially  with  large  engines,  becomes 
so  serious  as  to  make  the  use  of  this  type  of  valve  with  shah 
governors  impracticable.     To  relieve  the  governor  as  much 
as  possible  from  the  effects  of  the  frictional  resistances  inci- 
dent to  the  D  slide  valve,  a  great  number  of  balanced  valves, 
of  which  the  piston  valve  is  one  type,  have  been  invented. 

A  bulaucctl  vnlve  is  one  that  is  acted  on  in  opposite 
directions  by  equal  steam  pressures.  The  frictional  resist- 
ance is  thus  lessened  and  the  wear  is  greatly  decreased. 

When  used  in  conjunction  with  a  shaft  governor  that  y&tits 
the  throw  of  the  eccentric,  the  plain  slide  valve  has  another 
defect  thai  is  not  overcome  by  the  mere  process  of  balanciog. 
This  defect  is  that  the  reduced  travel  of  the  valve  consequent 
on  the  short  throw  of  the  eccentric  at  early  cut-oflfs  has  the 
effect  of  greatly  restricting  the  port  opening.  At  high 
speeds,  such  a  reduction  in  port  opening  causes  an  imperfect 
filling  of  the  cylinder  with  live  steam;  that  is,  the  steam  is 
wiredrawn  in  its  passage  through  the  partly  opened  pons. 
This  difficulty  can  be  largely  overcome  by  increasing  the 
travel  of  the  valve  so  as  to  give  it  a  considerable  amount  oi 
overtravel  for  late  cut-ofiEs.  By  overtravel  is  meant  thai 
the  valve  is  given  a  travel  greater  than  is  required  to  give  a 
full  opening  of  the  steam  ports.  Such  a  remedy,  however, 
involves  other  undesirable  conditions.     To  provide  for  the 
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P^'Ortravel,  the  central  chamber  of  the  valve  and  the  bridges 
E^'wecn  the  steam  and  exhaust  ports  must  be  made  wider, 
^"^s  making  a  larger  and  heavier  valve.  The  attempt  to 
-v^re  a  liberal  port  openirm  with  early  cut-offs  by  giving 
_  valve  overlravel  thus  involves  an  increase  iu  the  travel 
°^  *he  valve  and  in  its  weight,  both  of  which  add  to  the 
P^>Arer  required  to  move  it. 

Several  designs  for  shaft-governor  engines  secure  an 
''^Cireased  port  opening  by  the  use  of  multiple-ported  valves, 
^^  which  steam  enters  the  cylinder  through  two  or  more 
Pa.ssages.  While  the  travel  of  the  valve  may  be  reduced  by 
^"his  means,  its  size  andVcight  are  generally  increased,  and 
this  neutralizes  the  advantage  of  short  travel  to  a  consider- 
able degree. 

18.  Piston  Valve. — In  Fig.  IB  is  shown  a  piston 
vnlve,  which  consists  of  a  hollow  cylinder  sliding  in  a 
cylindrical  valve  scat.  The  ports  ;^,/>  extend  clear  around 
the  valve.     The  steam  is  admitted  into  the  central  chambers. 


Pio.  la 

and  the  exhaust  steam  escapes  at  the  two  ends  d,  b.  As 
shown  in  the  figure,  the  piston  is  just  about  to  start  toward 
the  right  and  the  valve  is  moving  to  the  left,  thereby 
uncovering  the  left  steam  port  and  allowing  the  steam  to 
enter  past  its  inside  edge.  To  give  a  larger  admission,  steam 
also  passes  into  the  center  of  the  valve  through  the  channel  c 


20 


SIMPLE  NON-CONDENSING 


§34 


and  thence  into  the  left  port.  The  exhaust  steam  meanwhile 
escapes  directly  through  the  right  steam  port  into  the 
chamber  b. 

The  piston  valve  is  one  of  the  lightest  and  most  perfectly 
balanced  types  of  valve  that  has  yet  been  devised,  and  it 
is  readily  made  double-ported.  It  has,  however,  several 
features  that  have  restricted  its  nse.  Unless  it  is  pro\fided 
with  some  form  of  packing  there  is  no  means  of  adjustment 
to  provide  for  wear;  consequently,  it  soon  leaks  and  wastes 
steam.  In  vertical  engines,  where  the  weight  of  the  valve 
is  not  supported  by  the  seat,  the  wear  is  not  so  great,  and 
there  are  many  cases  of  such  engines  in  which  piston  valves 
with  no  packing  except  grooves  in  which  water  collects 
have  given  the  best  of  service.  In  a  horizontal  engine. 
however,  the  weight  of  the  valve  invariably  wears  the  lower 
part  of  the  seat  and  destroys  its  circular  form.  This  type 
of  valve  as  generally  constructed  offers  no  relief  to  water 
that  may  be  caught  in  the  compression  space  when  the 
exhaust  port  closes. 


19,  Pressiiro-Plnte  Vnlve. — A  type  of  valve  that  has 
many  of  the  advantages  of  the  piston  valve  and  at  the  same 
lime  overcomes  some  of  its  faults  is  the  prosBure-plato 
valve.  Fig.  IC  shows  a  form  of  this  valve  that,  with 
several  minor  modifications,  is  used  in  a  large  number  ol 
high-speed  engines.  The  valve  a  consists  of  a  thin  rect- 
angular casting  with  openings  or  ports  through  it  for  the 
passage  of  live  and  exhaust  steam  to  and  from  the  cylinder. 
It  work&  between  the  face  of  the  valve  seal  and  a  similar  face 
formed  by  a  heavy  pressure  plate  b.  The  pressure  plate  is 
separated  from  the  valve  seat  by  strips  c,c^  that  are  made  just 
enough  thicker  than  the  valve  to  permit  the  valve  to  sli<]e 
freely  between  the  pressure  plate  and  the  valve  seal.  VSTieo 
the  engine  is  working,  the  pressure  plate  is  held  in  place 
against  the  strips  c,t'  by  the  steam  pressure;  when  steam  is 
shut  off,  the  spring  (/  prevents  the  plate  from  falling  away 
from  its  position  against  the  strips.  This  construction  per- 
mits the  valve  and  pressure  plate  to  act  as  a  relief  valve  for 
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the  escape  of  water  from  the  cylinder:  an  excessive  pressure 
in  the  cylinder  will  \iii  the  valve  and  plate  and  compress  the 
EprinC'     The  danger  o£  breakage  from  water  in  the  cylinder 

is  thus  somewhat 
reduced.  It  is  not, 
however,  a  perfect 
protection;  with  high 
speeds,  the  pressure 
often  becomes  great 
enough  to  seriously 
damage  the  etigine 
before  the  water  can 
be  forced  out  through 
the  ports  and  over- 
come the  inertia  of 
the  valve  and  pres- 
sure plate. 
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20.  An  advan- 
tage of  the  pressure- 
plate  valve  over  the 
3 piston  valve  is  that  in 
horizontal  engines 
the  wear  due  to  the 
weight  of  the  valve, 
coming  as  it  does  on 
the  lower  edge  and 
the  strip  r',  does  not 
affect  the  tightness  of 
the  valve.  Another 
advantage  is  that 
when  the  valve  wears 
so  as  to  allow  steam 
to  leak  between  it  and 
the  faces  of  the  valve 
seat  and  pressure  plate,  the  strips  r.  r'  can  be  planed  or 
scraped  so  ;is  to  overcome  iliis  leakage;  this  operation,  how- 
ever, requires  considerable  care  and  skill.     H  the  valve  or 
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the  (aces  between  which  it  works  are  unevenly  worn,  it  will 
be  necessary  to  scrape  them  to  a  new  surface. 

Besides  decreased  wear,  another  advanlage  is  that  the 
govemor  parts,  eccentrics,  etc.  can  be  made  much  lighter. 
A  pressure  plate  should  not  be  used  unless  some  provisioo 
has  been  made  for  allowine  the  valve  to  be  raised  from  its 
seat  in  case  water  should  collect  in  the  cylinder  owing  lo 
the  condensation  of  steam.  In  the  case  of  Pig.  16  this  is 
provided  by  the  spring  d,  which  will  allow  the  pressure 
plate  and  valve  to  be  raised  together  should  water  collect  in 
the  cylinder.  

SHAFT    GOVERNORS 

21.  Tlie  Buckeye  Governor.— One  of  the  first  shaft 
governors  to  be  introduced  in  the  United  States  is  the 
centrifugal  governor,  used  on  the  Buckeye  engine.  The 
engine  is  provided  with  two  valves  and  two  eccentrics. 
One  of  the  latter  is  keyed  to  the  shaft  and  drives  the  main 
valve,  controlling  the  admission,  release,  and  exhaust  clo- 
sure. The  other  eccentric,  which  is  movable,  is  attached  to 
the  cut-off  valve,  which  rides  on  the  main  valve. 

In  Fig.  17  is  shown  a  diagram  of  a  Buckeye  valve  motion. 
About  the  center  of  the  shaft  o  rotates  the  crank  oa,  the 
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fixed  eccentric  <?rf,  and  the  eccentric  od\  which  turns  abont 
the  shaft  under  the  action  of  the  governor.  From  the  fixed 
eccentric  o<i  extends  the  eccentric  rod  dz  to  the  end  of  a 
rocker-arm  ^^,  which  is  pivoted  at  h.  From  ^,  a  valve  stem 
extends  to  the  main  valve  v.  From  the  eccentric  od*^  which 
is  under  the  control  of  the  governor,  extends  the  eccentric 
rod  d'  £.,  connected  to  the  cut-off  valve  i-'  througrh  the  rocker- 
arm  eCi  pivoted  at  its  center  /  on  gb.    The  motion  of  the 
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cut-off  valve  is  reversed  because  its  valve  stem  and  eccentric 
rod  are  connected  to  the  opposite  ends  of  the  rocker-arm  ec. 
The  governor  is  shown  in  Fig.  18,  and  its  direction  of 
rotation  is  shown  by  the  arrow.  The  weights  a.  a'  of  the 
governor  are  bolted  to  arras  d,  I/,  which  swing  on  pivots  r,  r*. 
The  free  ends  of  the  weights  are  connected  through  links  rf,  df 
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to  ears  on  the  eccentric  c.  The  dotted  lines  show  the  posi- 
tion of  the  weight  a  when  the  eccentric  has  been  rotated 
around  the  shaft  one-fourth  of  a  revolution  in  the  direction 
of  rotation  of  the  wheel.  The  outward  motion  of  the 
weights,  which  is  caused  by  centrifugal  force,  is  resisted  by 
the  springs  /,  P.  The  tension  in  these  springs  is  adjusted 
by  means  of  the  screws  g.^.  The  springs  A,  h'  assist  the 
Springs  /,  P  in  producing  suitable  regulation.     The  forces 
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that  they  exert  tend  to  throw  the  arms  outwards  during  iht 
first  half  of  the  total  movement,  after  which  they  cease  lo 
be  in  contact  with  the  fingers  »',  /'.  against  which  they  have 
been  pressing. 

When  steam  is  admitted  to  the  engine  cylinder,  the  rou- 
tion  of  the  flywheel  causes  the  weights  to  leave  the  stops, 
after  a  certain  speed  has  been  reached,  and  to  move  ooi* 
wards  under  the  eflfecls  of  centrifugal  force,  putting  addi- 
tional tension  in  the  springs.  The  eccentric,  as  it  turns 
forwards  on  the  shaft,  under  the  action  of  the  force  exerted 
by  the  weights,  increases  the  angtilar  advance.  When  the 
proper  point  of  cut-off  for  the  given  load  has  been  reached, 
the  speed  remains  constant.  Should  the  load  become  less," 
the  revolutions  tend  to  increase,  the  centrifugal  force 
becomes  greater,  and  the  arms  move  outwards,  causing  an 
increased  angular  advance  and  an  earlier  cut-off.  If  the 
load  increases,  the  reverse  action  occurs  and  the  normal 
speed  is  restored. 

The  two  extreme  positions  of  the  governing  mechanism 
are  shown  in  the  Bgure.  The  solid  lines  represent  the  rwsi- 
tion  of  the  parts  when  the  engine  is  at  rest,  and  the  dotted 
lines  represent  them  when  cut-off  is  earliest  and  the  numbei 
of  expansions  greatest. 

22.  The  FltelibiirK  tJovernor. — Fig.  19  shows  a 
Filchburg  governor,  which  operates  by  shifting  the  eccentric 
across  the  shaft  without  roialing  it  relative  to  the  shaft. 
The  eccentric  a  has  an  elliptical  opening  through  which  the 
shaft  passes,  and  this  opening  is  large  enough  to  allow 
the  eccentric  center  to  be  shifted  from  b  io  e  and  returned. 
The  eccentric  is  not  fastened  directly  to  the  flywheel,  but  is 
held  in  place  at  the  points  rf,  d'  by  the  governor  parts.  The 
arms*', ir'  pivoted  at  /, /'  and  carrying  the  weights  g.^' ,  which 
balance  the  weight  of  the  eccentric,  are  fastened  to  the 
eccentric  at  rf,  rf'.  The  large  .veights  A,  A',  pivoted  at  f\/'t 
are  attached  to  the  arms  f,e'  by  the  links  /, /'  at  the 
points  fc,  k'.  The  spira!  springs  /«,  m'  are  attached  to 
the  ends  of  the  large  weights,  and  by  their  tension  hold  the 


§34  STEAM  ENGINES  25 

weights  away  from  the  flywheel  rim.  Because  the  links /.y 
are  attached  to  the  arros  e,e'  on  opposite  sides  of  the  ful- 
crums  /, /'  relative  to  the  weights,  the  outward  motion  of 
each  weight  has  an  equal  influence  in  moving  the  eccentric 
in  one  direction  across  the  shaft. 

The  action  of  this  jiovernor  is  as  follows:     So  long  as  the 
engine  rxms  below  the  normal  speed,  the  eccentric  is  kept  in 
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the  position  of  its  greatest  throw  by  the  tension  of  the 
springs,  and  steam  is  cut  off  at  about  three-fourths  stroke; 
but  as  soon  as  the  proper  speed  is  reached,  centrifugal  action 
causes  the  weights  A,  A'  to  overcome  the  tension  of  the 
springs  and  to  move  o'jtwards;  this  outward  motion  of  the 
weights  h,h'  turns  the  weights  ^,^'  on  their  fulcrums  /,/"', 
and  the  eccentric  is  carried  across  the  shaft  from  h  toward  c» 
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and  as  the  arcs  described  by  the  pins  rf,  rf'  are  equal  and 
curve  in  opposite  directions,  they  compensate  each  other, 
and  the  center  b  of  the  eccentric  follows  a  straight  line  in 
its  movement,  preserving  a  constant  lead.  This  manifestly 
decreases  the  eccentricity  and  increases  the  angle  of  advance, 
giving  an  earlier  cut-off  lo  the  valve,  until,  when  the  eccen- 
tric is  swnng  squarely  back  of  the  crank,  the  valve  opens 
only  the  amount  of  the  lead.  On  the  least  diminution  of 
speed,  the  springs  have  more  power  than  the  centrifugal  force 
of  the  weights,  and  the  motion  of  the  parts  is  arrested  and 
turned  in  the  opposite  direction,  giving  a  later  cut-off  as 
more  work  is  demanded  of  the  engine.  This  is  called  a 
nhirttn^  eccentric. 

23.     The     Bites     Gorornor. — The     Rites    flrovemor 

belongs  to  a  class  known  as  inertia  governors^  because  the 
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inertia  of  the  weights  aids  the  centrifugal  force  in  producing 
good  regulation.  This  governor,  shoivn  in  Fig.  20,  consists 
of  two  weights  rt,  a'  connected  by  a  bar  b  that  is  pivoted  on  the 
pin  f.  A  spring  d  tends  to  hold  the  weights  and  arm  in  the 
starting  position,  against  the  stop  a  The  pin  /,  which  is 
fixed   on  the   arm  b,  takes  the  place  of  an  eccentric,   the 
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eccentric  rod  beinii:  connected  to  it.  As  the  speed  of  the 
engine  rises,  the  centrifugal  force  of  the  weights  increases 
until  it  overcomes  the  initial  tension  of  the  spring  i/,  and 
swings  the  bar  b  about  its  pi\'ot  c,  moving. the  pin  /  until  the 
point  of  cut-off  is  suited  to  the  load. 

If  now  there  should  be  a  sudden  change  of  load,  it  would 
require  some  time  for  the  weights  to  find  their  new  posi- 
tions, but  owing  to  the  tendency  of  the  weights  to  continue 
at  the  same  speed  at  which  the  wheel  traveled  before  the 
change  of  load,  they  will  lag  behind  when  the  speed  suddenly 
increases,  or  run  ahead  when  the  speed  decreases.  This 
action,  which  takes  place  immediately,  is  utilized  to  change 
the  position  of  the  eccentric  pin  with  reference  to  the  wheel, 
so  as  to  check  the  change  of  speed  while  the  centrifugal  force 
is  moving  the  weights  to  meet  the  requirements  of  the  new 
load.  By  this  arrangement  a  closer  regulation  can  be 
obtained  than  with  a  governor  in  which  centrifugal  force 
alone  is  employed. 

This  governor  differs  from  the  two  just  described  in  that 
it  controls  the  valve  by  swinging  the  eccentric  about  the 
pivot  c.  Wlien  the  eccentric  center  travels  toward  the  shaft, 
the  angular  advance  increases,  the  throw  decreases,  and  the 
lead  changes.  In  the  strnight-line  and  Buckeye  governors, 
the  speed  is  controlled  by  centrifugal  force.  In  the  Fitch- 
burg  governor,  since  the  weights  are  heavy,  inertia  assists 
somewhat  in  the  regulation.  In  the  Rites  governor,  the 
inertia  of  the  heavy  arm  and  weights  supplements  the  cen- 
trifugal force  very  materially  and  greatly  increases  the 
sensitiveness. 


CORLISS  ENGINES 

24.  The  Corliss  engine  was  brought  out  about  the 
year  1850  by  its  inventor,  George  H.  Corliss,  and  is  one  of 
the  most  radical  improvements  in  engine  constniction  since 
the  time  of  James  Watt.  It  has  two  steam  and  two  exhaust 
valves,  set  at  right  angles  to  the  center  line  of  the  cylinder. 
These  are  caused  to  oscillate  by  a  wristplate  and  connecting 
mechanism,  which  in  turn  is  made  to  oscillate  by  an  eccentric 
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on  the  main  shaft.  The  poils  are  vex?  short  and  of  small 
volume,  so  that  the  clearance  is  much  reduced,  and  as  the 
steam  does  not  enter  throuirh  passages  previously  cooled 
by  the  exhaust  and  the  surfaces  of  the  ports  are  small,  the 
cylinder  condensation  is  materially  lessened. 
■  The  valve  moves  rapidly  when  opening  or  closing  the 
ports,  and  very  slowly  between  these  two  events.  By 
remaininsf  wide  open  durins  admission,  the  valve  allows 
the  steam  to  enter  the  cylinder  without  being  wiredrawn, 
and  the  temperature  of  ihe  working  steara  in  the  cylinder  is 
approximately  the  same  as  in  the  valve  chest.  The  steam 
line,  as  shown  by  the  indicator  diagram,  is  nearly  horizontal, 
and  the  point  of  cut-olT  is  well  dcBned.  The  exhaust  valves 
in  horizontal  engines  arc  so  placed  that  the  water  of  con- 
densation will  drain  to  them  and  be  carried  out  by  the 
cxliaust  steam.  All  the  valves  arc  capable  o£  iudependeat 
adjustment,  and  work  with  very  little  friction. 

25.  Types  of  Corliss  Eiifrlnes. — Corliss  engines  may 
be  classified  in  a  number  of  ways.  There  are  horizontal  and 
vertical^  singte-tcteniru.  and  double-eccentric ,  and  box  frame  and 
girder  Irame  Corliss  engines.  Besides  these  divisions  there 
is  another,  based  on  the  direction  of  motion  of  the  steam 
valves;  they  may  move  imvards,  that  is,  toward  each  olher» 
in  opening;  or  outwards^  that  is,  away  from  each  other,  in 
opening. 

The  single-eccentric  Corliss  engine  uses  but  one  eccentric 
and  all  four  of  the  valves  are  moved  by  this  eccentric.  In 
the  double-eccentric  Corliss  engine,  the  steam  valves  are 
operated  by  one  eccentric  and  the  exhaust  valves  by  another. 
The  terms  box  frame  and  girder  frame  refer  to  the  resem- 
blance of  the  frames  to  a  box  or  to  a  girder.  These  distinc- 
tions all  refer  to  certain  subordinate  features,  however,  and 
do  not  indicate  separate  or  distinct  classes  of  engines. 

26.  Tho  BInirlc-KfOfnIrU-  Corliss  Ensrliio.— Fig.  21 

shows  the  general  appearance  of  a  common  type  of  hori- 
zontal Corliss  engine.  This  is  a  single-eccentric  engine 
with  outward-moving  valve  motion.     The  steam  valves  a,  a* 
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and  the  exhaust  valves  b,  1/  are  all  connected  to  the  wrist* 
plate  c,  which  derives  its  motion  from  the  eccentric  d  through 
the  eccentric  rod  if,  rocker-arm  /,  and  hook  rod  ^.  At  h  is 
shown  the  belt  that  operates  the  governor  /,  deriving  its 
motion  directly  from  the  shaft  of  the  engine.  In  the  Corliss 
engine,  the  governor  changes  the  point  of  cut-off  of  the 
steam  through  the  reach  rods  i\  k* ,  which  it  moves  by  means 
of  a  rod  connected  to  the  bell-crank  /. 

27.  Double-Ecceutrlc     Corliss      Kn^rlne Fig.     22 

shows  a  box-frame  type  of  double-eccentric  Corliss  engine 
with  inward-moving  valves.  The  eccentric  a,  through  its 
rod  b  and  hook  rod  c.  operates  the  back  wristplate  d  to  which 
the  steam-valve  rods  c.e'  are  attached.  These  valve  rods 
move  the  steam  valves  in  the  same  manner  as  in  the  single- 
eccentric  engine. 

The  eccentric  shown  at  /  has  a  different  angle  of  advance 
from  that  of  eccentric  a,  and  may  have  a  diUcrent  throw.  It 
is  attached,  through  its  eccentric  rod  ^  and  hook  rod  h,  to 
the  front  wristplate  ;,  which  moves  the  exhaust  valve  rods/,/, 
thus  operating  the  exhaust  valves.  The  latches  k,l^,  when 
raised,  disconnect  the  hook  rods  c  and  h  from  the  wristplate 
pins,  permitting  the  rods  to  move  without  imparting  motion 
to  the  wristplates.  Starting  bars  may  be  inserted  in  the 
sockets  /,  /,  and  the  wristplates  turned  by  band,  to  admit 
steam  to  the  cylinder  for  the  purpose  of  warming  it  before 
starting  the  engine.  The  principle  of  operation,  other  than 
that  involved  in  having  separate  eccentrics  for  the  steam  and 
exhaust  valves,  is  the  same  as  in  the  single-eccentric  engine. 
The  advantage  of  using  two  eccentrics  is  that  the  steam  valves 
and  exhaust  valves  may  be  set  independently  of  each  other. 

28.  CorllsB  Cylinder  and  Valves. — A  section  through 
the  cylinder  and  valves  of  a  Corliss  engine  is  shown  in  Fig-  23. 
The  arrows  indicate  the  path  of  the  steam  as  it  flows  from 
the  steam  pipe  into  the  valve  chest  a,  through  the  upper  left- 
hand  steam  port  b,  and  into  the  cylinder  f.  From  the  crank 
end,  the  exhaust  passes  out  through  the  lower  ri^t-hand 
exhaust  valve  d,  and  thence  lo  the  exhaust  connection  at  the 


end  contains  the  stuf- 
fin^box^  and  the 
gland  h  for  the  piston 
rod.  The  space  /  be- 
tween the  cylinder  c 
and  the  exhaust 
chamber  j  contains 
dead  air,  or  a  non- 
conducting substance 
if  the  engine  be  on- 
jacketed,  to  reduce 
the  radiation  of  heat 
from  thecyli^nde 
walls  to  the  exhaust 
steam. 

29.     Corliss   Re. 
I'lG.  24  li^asInK     Gears. 

There  are  a  number  of  forms  of  Corliss  releasing   gears 
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having  the  same  general  principle,  and  differing  only  in 
details.  They  may  all  be  inclutled,  however,  according  to 
the  direction  of  rotation  of  the  valves,  in  the  two  classes 
already  mentioned.  One  class  of  releasing  gear  that  rotates 
the  valves  inwardly  is  shown  in  Fig.  24.  In  admitting  the 
steam,  the  valve  rod  ^  moves  to  the  right  and  pulls  with  it 
the  lifting  arm  a,  causing  the  hook  6.  which  has  caught  the 
stud  c  of  the  valve  arm  rf,  to  lift  the  dashpot  rod  c  and  turn  the 
valve  in  the  direction  shown  by  the  arrow.  At  the  moment 
of  cut-off,  the  knock-off  cam  /  causes  the  latch  *  to  move 
outwards  and  release  r,  thus  permitting  the  dashpot  to  close 
the  valve  by  pulling  down  the  valve  arm  d.    The  position  of 
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the  knock-off  cam  is  controlled  by  the  governor  through  the 
reach  rod^. 

In  the  second  type  of  releasing  gear,  shown  in  Fig.  25, 
the  valves  turn  outwards  to  admit  steam.  The  valve  rod  a, 
by  pulling  the  lifting  arm  6  to  the  right,  opens  the  steam 
valve  and  lifts  the  dashpot  rod  c.  When  the  valve  has  been 
open  the  correct  length  uf  time,  the  arm  J  of  the  hook  c 
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strikes  the  cam  /,  releasing  the  hook,  and  the  dashpot  rod 
pulls  the  valve  arm  g  around  and  closes  the  valve.  It  should 
be  noticed  that  as  the  valve  moves  outwards  in  opening,  the 
steam  travels  directly  Erom  the  steam  chest  into  the  cylinder 
without  passing  over  the  valve,  thus  making  a  direct  steam 
passage.  When  the  valve  moves  in  the  opposite  direction, 
the  steam  must  pass  over  the  valve  in  order  to  enter  the 
steam  port. 

30.     Corliss    Valves. — The    cross- sections    of    several 
forms  of  Corliss  valves  are  illustrated  in  Fig.  26.  a,r,  and  ^ 


;-^^ 


being  steam  valves  and  b^  d,  and  /  the  corresponding  exhaust 
valves.  The  latter,  it  will  be  noticed,  are  so  shaped  that  the 
steam  pressure  within  the  cylinder  forces  them  to  their  seats, 
a&d  thus  prevents  the  steam  from  lifting  them  and  escaping 
before  the  exhaust  period.  The  valves  shown  at  a  and  b  are 
said  to  be  single-ported  because  the  steam  passes  through 
but  one  opening,  while  c,  d,  e,  and  /  are  double-ported.  The 
steam  valves  are  so  made  and  set  that  when  in  the  mid- 
position  there  is  sufBcient  lap  to  prevent  leakage.  Since  the 
eccentric  must  cause  the  valve  to  move  a  distance  equal  to 
the  lap  to  clear  the  edge  of  the  port  and  admit  the  steam,  it 
is  evident  thai  the  range  of  cut-off  is  restricted  by  adding 
lap.     To  obviate  this  difficulty,  wbeu  it  is  advisable  to  du  so* 
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separate  eccentrics  are  used  for  the  steam  and  exhaust  valves, 
as  shown  in  Pig.  22. 

Fig.  27  (a)  and  {d)  shows  in  perspective  the  simple  valves 
shown  at  a  and  b.  Fig.  26.  The  slots  in  the  ends  of  these 
valves,  shown  at  a, 
receive  the  T-shaped 
heads  of  the  valve  stems, 
which  transmit  the 
motion  to  the  valves. 
Double-ported  valves 
require  only  half  the 
travel  of  sing^le -ported 
valves  in  order  to  give 
the  same  amount  of  port 
opening.  The  move- 
ment of  the  complete 
valve  gear  and  its  eccentric  is  thus  reduced  one-half. 
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31.  Dashpots. — DaRhpote  are  used  for  the  purpose 
of  quickly  closing  the  steam  valves  after  the  knock-off  cams 
have  released  the  arms  attached  to  the  valve  stems.  They 
may  be  placed  either  in  a  vertical  or  in  an  inclined  position, 
and  they  are  made  in  a  large  variety  of  forms,  although  the 
principle  is  practically  the  same  in  all.  One  form  of  dashpot 
is  shown  in  section  in  Fig.  28.  It  consists  of  a  stationary 
base  a,  which  is  fixed  either  to  the  engine  frame  or  to  the 
floor,  and  a  movable  plunger  i,  which  is  connected  by  the 
rod  c  to  the  arm  of  the  steam  valve.  The  plunger  6  is 
accurately  turned  and  bored  so  as  to  fit  the  base  a,  and 
packing  rings  are  used  to  make  air-tight  joints.  Fig.  28  (a) 
shows  the  position  of  the  plunger  when  it  is  at  rest,  in  its 
lowest  position. 

When  the  hook  block  is  picked  up  by  the  disengaging 
hook,  the  rod  c  is  lifted,  drawing  the  plunger  6  upwards  to 
the  position  indicated  in  Fig.  28  {b).  An  annular  chamber 
^  is  thus  formed  beneath  the  lower  end  of  the  plunger, 
air  being  drawn  into  this  annular  chamber  through  the 
partly  opened  valve  e.     At  the  same  time,  a  partial  vacuum 
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is  formed  in  the  chamber  /  beneath  the  upper  end  of  Ihe 
plunger.  Consequently,  as  soon  as  the  knock-off  cam  releasee 
the  steam-valve  arm,  the  atmospheric  pressure  on  the  topoi 
the  plunger  b  forces  it  down  very  rapidly,  thus  pulling^  down 
on  the  rod  r  and  closing  the  steam  valve  quickly. 

1q  its  descent,  however,  the  air  caught  in  the  chamber  </ is 
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compressed,  so  that  it  forms  a  cushion  that  brings  the  plunger 
to  rest  easily  and  prevents  it  from  striking  the  bottom  of  the 
annular  space.  The  amount  of  cushioning  effect  is  regulated 
by  the  valve  e.  The  valve  ^  is  a  small  relief  valve  opening 
outwards  from  the  chamber  /.  It  permits  the  escape  of  any 
air  in  the  chamber  /  when  the  plunger  falls. 
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CORI.ISSUKNGINR    GOVERNORS 

32.  Types  of  CorUss-Enfrtne  Governors. — The  gov- 
ernor of  the  Corliss  engine  is  usually  of  the  standard  flyball 
type,  driven  from  the  engine  shaft  by  a  belt.  It  keeps  the 
speed  within  assigned  limits  by  moving  the  knock-oflE  cams 
so  as  to  change  the  point  of  cut-off,  thus  varying  the  amount 
of  steam  admitted  to  the  cylinder  at  each  stroke.  There  are 
several  of  these  governors  in  use;  the  ordinary  type,  loaded 
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or  without  a  weight;    the  inverted  type,  weighted  or  not 
weighted;  and  the  spring-loaded  type. 

Fig.  29  shows   the   ordinary   form   of  loaded    governor. 

The  arms  a,  a  carry  the  balls 
^»  d,  and  are  pivoted  to  the  top 
of  the  spindle  c.  The  links 
rf.rf  form  the  connections 
between  the  arms  a,  a  and  the 
loose  collar  e  that  supports 
the  weight/.  WHien  the 
spindle  rotates,  it  carries  the 
arms,  balls,  links,  and  collar 
around  with  it;  and  when  the 
centrifugal  force  of  the 
revolving  balls  becomes  great 
enough  they  fly  outwards 
and  raise  the  weight  /  and 
collar  c. 

The  governor  standi  rests 
on  the  engine  frame,  as  shown 
in  Figs.  21  and  22.  The  yoke 
sleeve  /i  rests  on  a  collar  when 
the  governor  is  in  its  lowest 
position,  but  it  is  raised  with 
the  collar  f  when  the  gov- 
ernor speed  is  great  enough. 
The  rod  /  is  connected  to  the 
yoke  at  one  end  and  to  the 
piston  of  the  dashpot  j  at  the 
other  end.  The  dashpot  has 
a  steadying  influence  and  pre- 
vents sudden  changes  in  the 
position  of  the  governor.  The 
rod  k,  attached  to  the  rocker- 
arm  /,  causes  the  latter  to 
nove  the  reach  rods  that  connect  to  the  arm  /  at  m  and  n, 
hiis  changing  the  positions  of  the  knock-off  cams  and  regu- 
atine  the  point  of  cut-off.     By  using  ball  bearings  at  p  and  ^» 
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the  power  required  to  drive  the  governor  is  made  compara- 
tively small.  When  the  speed  of  the  engine  increases,  the 
governor  revolves  faster  and  the  balls  fly  outwardi.    This 

raises  the  sleeve  A  and  causes 
cut-off  to  take  place  earlier. 
When  the  engine  slow$down. 
the  weights  fall  and  the  sleeve 
lowers,  causing  the  cut*ofi  to 
take  place  later. 
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33.  Ttie  Inverled 
Governor. — The  Inverteil 
governor  is  shown  in  Fig.  30. 
The  similarity  of  the  anus  a,a, 
the  baits  ^,  />,  the  spindles,  the 
links  d,  d,  the  collars,  and  the 
weight  /to  those  in  Fig. 29  is 
apparent.  In  this  case,  the 
arms  a,  a  and  the  links  d,d 
have  simply  changed  places. 
The  loose  collar^  moves  up 
and  down  with  the  weight, 
and  carries  the  pin  h  with  it, 
causing  the  bell-crank  /,  /  lo 
turn  about  its  fulcrum.  On 
the  long  arm  of  the  bell-cranlc 
is  pivoted  the  dasbpot  rod  ;, 
which  runs  down  to  the  dash- 
pot  k.  The  short  arm  of  the 
bell-crank  r  carries  the  reach 
rod  /,  which  moves  the 
knock-off  cams. 

The  safety  stop  m  isa 
journal,  partially  cut  away,  as 
shown,  so  that  if  the  governor  belt  should  break  the  idler  « 
will  drop,  pulling  down  the  rod  o  and  turning  the  safety  slop. 
This  would  permit  the  weight  and  collar  .^'^  to  fall  down  and 
turn  the  bell-crank  /,  drawing  the  reach  rod  /  back  until  the 
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knock-oH  cams  are  brought  into  positions  that  prevent  the 
valves  Irom  opening  and  no  steam  is  admitted  to  the 
cylinder. 

34.  The  Spring  Governor. — Fig.  31  shows  a  simple 
and  powerful  sprluft  governor  sometimes  used  on  Corliss 
engines.  An  enclosed  spring  a  takes  the 
place  of  a  weight  and  presses  down  on  the 
inner  arms  of  the  two  bell-cranks  b,  6.  The 
balls  (,c  on  the  upper  arms  of  these  bell- 
cranks  act  in  a  manner  similar  to  that  of 
the  flyballs  on  the  other  governors  just 
described.  The  spindle,  which  is  inside 
the  standard,  is  made  to  revolve  by  a  belt 
and  gears,  as  shown  in  Fig.  30.  The  out- 
ward motion  of  the  balls  is  resisted  by  the 
spring  a.  The  reach  rods  that  control  the 
knock-off  cams  are  connected  to  the  lever 
d,  which  is  moved  by  the  link  e  connected 
to  the  collar  /.  By  adjusting  the  spring, 
the  engine  may  be  made  to  run  steadily  at 
the  desired  speed.  This  governor  usually 
runs  at  about  200  revolutions  per  minute 
and  does  not  require  a  dashpot  or  other 
device  for  preventing  unsteadiness. 
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REVERSING  ENGINES 

35.  Many  engines,  as  marine,  railroad,  traction,  and 
rolling-mill  engines,  require  valve  gears  that  will  not  only 
enable  them  to  be  reversed,  but  will  control  the  distribution 
of  the  steam  in  their  cylinders  as  well.  One  of  the  first 
types  of  reversing  gears  consisted  of  a  loose  eccentric, 
which  was  compelled  by  a  lug  to  revolve  with  the  shaft. 
When  rotation  in  the  opposite  direction  was  necessary,  the 
engine  was  stopped  and  the  eccentric  shifted  to  another  posi- 
tion, where  it  was  under  the  control  of  another  lug.  The 
second  position  differed  from  the  former  position  by  180° 
minus  twice  the  angle  of  advance. 
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In  another  form,  used  on  large  marine  engines,  the  ecceo* 
trie  was  moved  across  the  shaft,  as  shovm  in  Fig.  32.  the 
crank  being  shown  at  a  and  the  eccentxic  center  at  d.  The 
angle  by  which  the  eccentric  is  ahead  o£  the  crank  is  aob. 
Now,  if  the  eccentric  e  be  moved  in  the  direction  of  the 
arrow,  in  a  line  perpendicular  to  the  center  line  of  the  crank. 

until  its  center  is  at  l/,  the  engine 
will  turn  in  the  opposite  direc- 
tion. The  eccentric  is  driven  by 
the  plate  />,  which  is  keyed  to 
the  shaft,  the  construction  being 
such  that  the  eccentric  may  be 
shifted  by  loosening  the  nut  d 
and  tightening  it  in  the  new 
position. 

It  will  be  seen  that  the  throw 
Pfo-32  of   the  eccentric  od  continually 

decreases  as  the  angle  between  the  crank  and  the  eccentric 
approaches  180°;  after  the  position  c  is  passed,  the  angle 
decreases  and  the  throw  becomes  greater.  This  device 
has  been  superseded  by  two  other  types  of  gears,  namely, 
the  iiuA  tfufiiifu  and  radial  ^ears. 


LINK    MOTIONS 

36,  The  TJnk  Motion. — A  link  motion  consists  of 
two  eccentrics  attached,  usually,  by  rods  to  the  ends  of  a 
slotted  link,  a  block  attached  to  the  stem  of  a  slide  valve 
moving  in  the  slot.  One  of  the  eccentrics  is  set  to  operate 
the  valve  when  it  is  desired  to  run  the  engine  forwards,  and 
the  other  when  it  is  desired  to  run  it  backwards.  When  the 
block  in  the  end  of  the  valve  stem  is  held  at  one  end  of  the 
link,  the  eccentric  attached  to  that  end  operates  the  valve. 
Usually,  some  arrangement  is  provided  for  shifting  cither  the 
link  or  the  block  in  the  link,  so  that  the  engine  may  be 
operated  either  way  at  pleasure. 

There  are  three  types  of  Hnk  motion:  the  Siepktnson^  hav- 
ing a  shifting   link  concave   toward   the   shaft;    the   Goocht 
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eccentric  rod  E  is  in  line  with  the  valve  stem,  and  the  action 
is  precisely  similar  to  the  action  of  an  engine  with  a  single 
eccentric.  The  eccentric  A  will  govern  the  steam  distribu- 
tion, and  B  will  have  no  effect  whatever.  The  angular 
advance  v^  AOC  minus  90°;  consequently,  the  engine  will 
run  in  the  direction  shown  by  the  arrow. 

By  means  of  the  reversing  lever  P,  and  the  links  <?,  A', 
and  JA  pivoted  at  R,  the  link  L  can  be  raised  until  the 
eccentric  rod  F  is  in  line  with  the  valve  stem  V.  The 
eccentric  B  will  then  impart  motion  to  the  valve;  BOC 
minus  90°  will  be  the  angular  advance,  and  since  the 
eccentric  must  be  ahead  of  the  crank,  tlie  latter  must  move 
in  the  direction  opposite  to  that  shown  by  the  arrow. 

If  the  link  is  raised  until  the  point  of  suspension  c  is  just 
opposite  the  point  a  of  the  valve  stem,  the  valve  must  par- 
lake  equally  of  the  motion  of  both  eccentrics,  and  hence  the 
engine  will  run  in  neither  direction.  If  the  link  is  raised  so 
that  a  occupies  a  position  somewhere  between  c  and  d^  the 
engine  will  still  run  in  the  direction  shown  in  the  figure,  but 
the  motion  of  the  point  a  will  be  influenced  in  some  degree 
by  the  motion  of  b\  and  the  travel  of  the  valve  will  be  less 
than  when  in  the  position  of  the  figure*  The  result  is  an 
earlier  cut-off  and  compression.  In  locomotive  engines. 
the  sector  7"  has  several  notches.  When  starting,  the  lever 
is  thrown  in  the  last  notch,  thus  giving  the  valve  the  longest 
possible  travel  and  the  engine  the  greatest  power.  After  the 
train  is  started  and  less  power  is  required,  the  lever  is 
thrown  nearer  the  center,  thus  decreasing  the  travel  of  the 
valve  and,  in  consequence,  the  power  developed  by  the 
engine. 

38.  Tlie  Gooch  "Link  Motion. — The  arrangement 
shown  in  Fig.  ^4,  known  as  the  Gooch  link  motion,  con- 
sists of  a  link  a  that  oscillates  back  and  forth  and  is  sup- 
ported by  an  inverted  hunger  b.  The  two  eccentrics  c  and  rf 
are  connected  to  the  link  at  the  points  e  and  /  by  the  eccentric 
rods.  The  travel  of  the  valve  rod  j^  and  the  steam  distribu- 
tion are  changed  by  the  radius  bar  k  attached  to  the  link 
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block,  which  is  moved  upwards  or  downwards  by  means  of 
the  reverse  lever  rod  (',  the  tumbline:  shaft  y,  and  connecting 
link  i.    The  dotted  lines  represent  the  full-gear  positions* 
_.       <.  t 


i^ 


f 
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forwards  and  backwards.  This  motion  differs  from  the 
Stephenson  link  motion  in  that  the  block  is  movable  up  or 
down  in  the  slot  of  the  link»  while  the  link  itself  is  suspended 
from  a  fixed  point  and  cannot  be  raised  or  lowered.  It  has 
the  property  of  giving  constant  lead  for  any  position  of  the 
block. 

When,  in  any  link  motion,  the  link  only  is  moved,  the 
concave  side  must  stand  toward  the  shaft,  as  in  the  Stephen- 
son motion;  when  the  height  of  the  link  is  fixed,  and  the 
link  block  is  shifted,  the  convex  side  stands  toward  the 
shaft,  as  in  the  Gooch  motion  just  described. 

39.     The    Alien    Link    Motion.— In    the    Allen    link 
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motion,  as  shown  in  Fig.  35,  the  link  a  is  straight,  and  the 
link  and  radius  rod  6  are   both  shifted,  one  moving  up  and 
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the  other  moving  down  as  the  reverse  lever  rod  c  turns  the 
tumbling  shaft  d.  The  rod  e  is  attached  to  the  lower  end  of 
the  link,  raising  and  lowering  it  as  the  rocker-arm  /  turns 
with  Uie  tumbling  shaft.  The  rod  g  is  fastened  to  the 
radius  rod  b,  which  it  raises  as  the  link  is  lowered  and  lowers 
as  the  link  is  raised.  The  centers  of  the  eccentrics  are 
shown  at  m  and  //,  while  the  center  of  the  shaft  is  at  o  and 
the  crank  at  op.  The  action  of  this  link  motion  is  similar  to 
those  already  shown,  in  that  the  valve  is  operated  by  either 
eccentric  or  by  both,  as  may  be  desired. 

40.  Re^iiliilttisr  the  Steam  Supply. — The  original 
purpose  of  the  link  motion  was  to  reverse  the  direction  of 
rotation  of  the  engine;  it  was  soon  discovered,  however, 
that  by  its  use  the  motion  of  the  valve  could  be  so  regulated 
that  the  point  of  cul-oflf  would  be  under  the  control  of  the 
operator.  Hence,  the  work  done  in  the  cylinder  could  he 
varied  to  meet  the  demand  on  the  engine.  When  the 
block  is  at  either  end  of  the  link,  the  valve  will  have  a  range 
of  motion  that  is  determined  by  the  throw  of  the  eccentric 
connected  to  that  end. 


BADIAL    VALVE    GEARS 

41.     The   Joy    Valve    Gear. — In   the  so-called   nullal 
valve  Kt^ura  no  eccentric  is  used.     The  Joy  valve  K*^ar, 
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shown  in  Fig.  3G,  belongs  to  this  class;  it  is  much  used  on 
marine  engines  and  on  European  locomotives.  The  motion 
of  the  valve  stem  a  is  obtained  from  the  point  b  on  the 
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connecting-rod.  Attached  to  this  point  is  a  vibrating  lever  be, 
that  is  compelled  to  move  back  and  forth  in  a  plane  by  the 
link  cd  moving  about  the  pin  d.  The  lever  e(  oscillates 
back  and  forth  on  the  pin  of  a  block  ^  as  a  fulcrum.  This 
block,  as  the  engine  rotates,  slides  in  a  curved  guide  while 
it  transmits  motion  to  the  valve  stem  a  through  the  rod  h. 
The  direction  of  motion  of  the  engine  is  changed  by  shifting 
the  slotted  guide  about  a  stationary  pin  as  a  center,  as 
indicated  by  the  doited  radii  /  and  k,  the  guide  being  moved 
to  either  side  of  the  vertical  by  means  of  the  lever  ;".  When  ; 
is  in  the  position  /,  the  engine  will  run  ahead;  and  when  /  is 
in  the  position  k,  it  will  rotate  in  the  opposite  direction. 
When  the  guide  block  is  in  its  mid-position,  as  shown  in  the 
figure,  no  rotation  will  take  place.  Instead  of  the  curved 
guide,  a  vibrating  link  is  frequently  used  to  guide  the  pointy 
of  the  lever  t/. 
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SIMPLE    CONDENSING    ENGINES 

1.     Condensation  of  Exhaust  Stoam. — If  the  exhaust 

from  a  steam  engine  is  led  into  a  cool  drum  or  closed  vessel, 
the  steam  will  condense  until  the  temperature  and  pressure 
in  the  drum  are  practically  equal  to  that  of  the  steam  at 
release.  When  provision  is  made  to  keep  the  temperature 
low  enough,  so  that  the  process  is  continuous,  the  vessel  in 
which  the  steam  is  condensed  is  called  a  condenser. 

When  an  engine  is  working  with  a  condenser,  provision 
must  be  made  for  the  removal  of  the  water  condensed  from 
the  steam,  and  also  for  the  removal  of  any  air  that  may 
enter  with  the  steam.  This  air  and  water  are  ordinarily 
removed  by  means  of  an  air  pump,  which  serves  the  double 
purpose  of  maintaining  a  low  pressure  in  the  condenser  and 
of  getting  rid  of  the  water.  This  reduction  of  pressure  in 
the  condenser  makes  it  possible  to  obtain  a  more  perfect 
expansion  in  the  cylinder  and  to  operate  the  engine  with  a 
lower  back  pressure.  By  the  use  of  a  condenser  and  air 
pump,  a  vacuum  of  from  24_to  28  inches  can  be  maintained. 
This  means  a  back  pressure  ofTrom  1  to  3,  instead  of  from 
15  to  17,  pounds  per  square  inch  absolute,  the  latter  being 
the  case  when  exhausting  into  the  atmosphere. 

The  latent  heat  of  the  steam  is  taken  up  by  allowing  cold 
water  to  t!ow  through  the  condenser,  or  by  spraying  it  into 
the  space  into  which  the  exhaust  steam  passes.  The  tem- 
perature of  the  steam  and  of  the  water  due  to  condensation 
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will  also  be  lowered  during  this  process,  thus  making  it  pos- 
sible for  the  pump  to  maintain  the  pressure  in  the  condenser. 
The  exhaust  steam  will  flow  from  the  engine  into  the  steam 
space  of  a  condenser  so  long  as  the  cooling  water  condenses 
the  steam  and  the  air  pump  removes  the  air  and  water. 

When  the  engine  exhausts  into  the  atmosphere,  it  is  said 
to  be  a  noii-cuntIeiiHln|Er  oiifrliii*;  when  it  exhausts  into  a 
condenser,  operated  as  explained,  it  is  said   to  be  a  con- 

2.     Incroa«(Ml   Ilorsopower  by  TTslnfir  a  Condenser. 

Other  conditions  being   the  same,   the   horsepower  of  the 
C    


F-TI,      1 

engine  depends  on  the  difference  in  pressure  on  the  two 
sides  of  the  piston.  Lowering  the  back  pressure  while  the 
forward  pressure  remains  unchanged  has  the  same  effect  as 
increasing  the  forward  pressure  without  changing  the  back 
pressure.  The  direct  effect  of  using  a  condenser,  therefore, 
is  to  lower  the  back  pressure  and  increase  the  horsepower 
of  the  engine. 

A  study  of  the  indicator  diagrams  of  condensing  and  non- 
condensing  engines  will  make  clearer  the  reason  for  this 
increase  of  power.  Figs.  1  and  2  represent  diagrams 'from 
the  same  engine  with  steam  at  the  same  initial  pressure  and 
cutting  off  at  the  same  point.  In  Fig.  I,  the  engine  is  non- 
condensing  and  exhausts  at  a  pressure  slightly  above  the 
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atmosphere;  in  Fig.  2,  the  engine  has  a  condenser  and  the 
back  pressure  in  consequence  is  less  than  atmospheric  pres- 
sure. The  line  A  B  represents  the  atmospheric  pressure  in 
both  cases,  and  the  line  /?/:",  which  represents  zero  pressure, 
is  below  A  D  ^  distance  A  D  equal  to  14.7  pounds  per  square 
inch.  The  lire  Z?C  is  the  clearance  !inc.  The  steam  was 
cut  off  at  one-fourth  stroke  in  both  these  cases,  and  the 
diagframs  show  quite  clearly,  by  the  difference  in  area,  the  gain 
in  work  due  to  the  use  of  a  condenser.     The  expansion  Hne. 


n 
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in  Fig.  2,  would  seem  to  indicate  that  there  would  be  greater 
economy  if  the  steam  were  expanded  further;  this  means 
that,  in  order  to  use  the  steam  to  the  best  advantage,  the 
ratio  of  expansion  should  be  greater.  It  may  not  be  possible 
to  do  this  in  one  cylinder,  but  by  expanding  it  in  two  or 
more  cylinders  a  greater  ratio  can  be  obtained. 
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COMPOUND  ENGINES 

3.  Compoiiml  KxpuuMlon. — When  steam  is  expanded 
in  one  cylinder,  then  conducted  to  a  second  cylinder,  and 
expanded  still  further,  the  expansion  is  said  to  be  comiK>un(l. 
Enjjines  working  with  two  cylinders  in  this  way  are  calleti 
coiniHiund  engines.  The  cylinder  in  which  the  first  expan- 
sion takes  place  is  known  as  the  hlgh-prossurc  cylinder, 
and  the  expansion  in  this  cylinder  is  referred  to  as  the  first 
stance.  The  cylinder  in  which  the  second  expansion  takes 
place  is  known  as  the  low-pressure  cylinder,  and  the 
expansion  is  referred  to  as  the  second  stance.  Inasmuch 
as  the  steam  volume  is  much  larg^er  in  the  second  stag^e  than 
in  the  first  stage,  the  low-pressure  cylinder  is  always  larger 
than  the  high-pressure  cylinder.  It  is  customary  to  make 
both  cylinders  of  the  same  length,  so  that  the  difference  in 
size  is  obtained  by  the  difference  in  the  areas  of  the  cross- 
sections  of  the  cylinders.  Since  the  cylinders  are  circular, 
this  means  simply  a  difference  in  diameter. 

4.  Cylinder  Condensation. — The  efficiency  of  the  per- 

T  —  T 

feet  heat  engine  has  been  shown  to  be      *-=r — **  which  is 

sometimes  called  the  ikcrvwdynamic  efficiency  of  the  engine. 
This  expression  is  not  entirely  true  for  steam,  as  it  does  not 
take  into  account  the  latent  heat  of  steam,  which  affects 
its  action  in  the  engine  cylinder.  The  expression  does, 
however,  show  the  limit  of  possible  economy  under  ideal 
conditions. 

7",  cannot,  in  practice,  be  lower  than  the  absolute  tem- 
perature of  the  condenser.     Hence,  the  only  way  of  increas- 

T  —  T 

ing  the  fraction     '        -  is  to  increase  T,,  or,  in  other  words, 

/i 
to  increase  the  temperature  and.  consequently,  the  pressure 

of  the  entering  steam.     Following  out  this  idea,  steam  pres- 
sures have  steadily  increased  from  8  to  10  pounds,  in  ihe  time 
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of  Watt,  to  from  160  to  250  pounds  per  square  inch,  the  pres- 
sures used  in  modern  locomotives  and  marine  engines.  But 
here  the  evil  of  cylinder  condensation  again  appears,  for  by 
increasing  the  range  of  temperature,  7\  —  T,,  the  loss  by 
cylinder  condensation  is  largely  increased.  To  see  this 
clearly,  let  the  pressure  of  the  steam  passing  into  the  con- 
denser be  4  pounds  above  vacuum;  its  temperature  is  about 
153°.  Let  the  pressure  of  the  entering  steam,  be,  say, 
60  pounds  above  vacuum;  its  temperature  is  about  293**. 
The  fall  in  temperature  is  293^  -  153°  =  140°,  nearly. 

Suppose  that  the  entering  steam  has  a  pressure  of  200 
pounds  absolute;  its  temperature  will  be  approximately 
382°  and  the  fall  of  temperature  during  the  stroke  will  be 
382°  -  153°  =  229°.  With  the  steam  at  382°,  the  walls  of 
the  cylinder  will  be  at  a  higher  temperature,  and  the  loss 
due  to  radiation  will  be  greater  than  when  steam  at  153°  is 
used.  The  heat  thus  lost  by  radiation  comes  from  the 
steam,  causing  condensation,  and  the  greater  the  radiation 
the  greater  is  the  amount  of  incoming  steam  condensed  to 
maintain  the  temperature  of  the  cylinder  walls.  Hence, 
increasing  the  range  of  temperature  increases  the  loss  due 
to  cylinder  condensation. 

To  obtain  the  advantages  of  a  high  pressure,  and  to  avoid 
at  the  same  time,  as  much  as  possible,  the  loss  clue  to  cylinder 
condensation,  the  steam  may  be  allowed  to  expand  succes- 
sively in  two  or  more  cylinders.  The  fall  of  temperature  is 
thus  divided  between  the  two  or  more  cylinders,  and  con- 
sequently the  loss  from  condensation  in  both  or  all  of  them 
is  made  considerably  less  than  it  would  be  if  the  same  fall 
of  temperature  were  allowed  to  take  place  in  one  cjHinder. 
This  is  due  to  the  fact  that  the  walls  of  each  cylinder  of  the 
compound  engine  vary  through  a  much  smaller  range  of 
temperature  than  the  single  cylinder  of  the  simple  engine. 

It  might  seem  that  by  thus  increasing  the  number  of  cyl- 
inders the  condensation  would  be  increased  because  of  the 
increased  radiating  surface.  But  this  is  not  the  case.  The 
rapidity  with  which  the  heat  of  the  steam  is  radiated  depends 
oa  the  difference  of  temperatures  inside  and  outside   the 
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cylinder,  and  on  the  area  of  the  exposed  surface.  Now.  in 
the  simple  enginet  the  entire  expansion  occurs  in  one  larce 
cylinder,  exposing  a  large  radiating  surface  when  the  temper- 
ature range  is  greatest:  in  the  case  of  two  cylinders,  the 
steam  expands  partially  in  each.  When  its  temperature  is 
greatest,  the  steam  is  in  the  high-pressure  cylinder,  whose 
radiating  surface  is  small;  and  when  it  reaches  the  low-pres- 
sure cylinder,  where  the  radiating  surface  is  greater,  the  dif- 
ference of  temperature  is  much  reduced.  The  result  is  thai 
there  is  less  total  condensation  in  the  compound  than  in  the 
simple  engine. 

In  modem  practice,  it  is  frequently  found  advantageous  to 
expand  the  steam  in  more  than  two  cylinders.  When  the 
expansion  takes  place  in  three  successive  cylindera.  the 
engine  is  said  to  be  triple  eximnsinn;  and  when  it  takes 
place  in  four  successive  cylinders,  cjiindrnple  eximnston. 
All  engines  in  which  the  expansion  of  the  steam  takes  place  in 
more  than  one  cylinder  are  also  called  muItlple-expanMon 
engines. 


I 
I 


5.  Tyi>eB  of  romponnd  KnprlneH. — Compound  engines 
arc  usually  made  in  one  of  the  two  types  shown  in  Fig.  S. 
In  the  type  shown  in  Fig.  3  (a),  the  two  cylinders  are  placed  io  M 
line  and  the  two  pistons  are  attached  to  the  same  piston  rod; 
when  the  cylinders  are  placed  in  this  way,  the  engine  is  said 
to  be  a  tandem  compound.  The  cylinder  h  first  receives  steam 
from  the  boiler.  After  the  steam  has  expanded  in  h,  it 
passes  to  the  larger  cylinder  /;  from  here  the  steam  is 
exhausted  into  the  atmosphere  or  into  a  condenser. 

Fig.  3  {b)  shows  wliat  is  known  as  the  cross-compound 
engine.  The  steam  enters  the  high-pressure  cylinder  h  from 
the  boiler,  exhausts  into  a  separate  vessel  r.  called  the 
receiver,  whence  it  passes  to  the  low-pressure  cylinder  /,  and 
finally  exhausts  into  the  utmosjihere  or  into  a  condenser. 

A  cross-compound  engine  has  two  piston  rods  and  two* 
cranks;  the  cranks  may  be  placed  at  any  angle  with  each 
other.  The  compound  engine  without  a  receiver  may  have 
one  piston  rod  and  crank,  as  shown  in  the  tandem  type,  or  it 


together  or  180°  apart,  so  that  the  steam  may  pass  directly 
from  the  high-  to  the  low-pressure  cylinder. 

If  the  cylinders  are  placed  side  by  side  and  both  piston 
rods  are  attached  to  the  same  crosshead,  the  engine  is  called 
a  tttfin  compotttui.  If,  any  of  these  types  of  eng:ines  have  con- 
densers, they  are  called  tandem ^  cross,  or  /win,  compound  con- 
densing Cftgints. 
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In  giving  the  size  of  a  multiple-expansion  engine,  as  ia 
the  case  of  a  simple  engine,  the  stroke  is  always  written  last. 
Thus,  a  compound  engine  whose  high-pressure  cylinder  is 
11  inches  in  diameter,  low-pressure  cylinder  20  inches  in  _ 
diameter,  and  stroke  15  inches  would  be  expressed  as  an  I 
11"  and  20"x  15"  compound.  In  the  same  manner,  a  14". 
22",  and  34"  X  18"  triple-expansion  engine  would  indicate 
that  the  diameters  of  the  cylinders  were  14  inches,  22  inches, 
and  M  inclics,  and  that  they  had  a  common  stroke  of 
18  inches. 

0.     Tuudcm    Coiupouuil     Kii^Iue. — Pig.    4    shows   an 
elevation    of     a    tanctein     conipoiinil     uou-conileuslug 


Fir..  4 

cHKlni*,  in  which  a  is  the  high-pressure  cylinder,  which  is 
placed  behind  the  low-pressure  cylinder  f*.  Many  makers 
prefer  to  place  the  large  cylinder  behind,  since  it  is  then 
easier  to  remove  the  pistons  and  examine  the  cylinders  in 
case  of  repairs.  When  the  small  cylinder  is  behind,  it  mnst 
be  entirely  removed  from  the  engine  before  the  pistoi)s  can 
be  taken  out,  while,  if  the  large  cylinder  is  behind,  the  small 
piston  can  be  taken  out.  The  steam  pipe  is  shown  at  /f  and 
the  exhaust  pipe  at  r.  After  the  steam  has  expanded  in  a, 
it  is  discharged  through  the  connecting  pipe  c  into  the  steam 
chest  /  of  the  Inw-pressure  cylinder.  After  doing  its  work 
in  d,  it  is  exhausted  into  the  condenser  or  atmosphere 
through  the  pipe  <r.     As  will  be  seen,  a  shaft  governor  is 
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used.     Both  pistons  are,  of  course,  attached  to  the  same 
piston  rod. 

Fig.  5  shows  a  horizontal  section  taken  through  the  center 
line  o{  the  cylinders  o(  this  engine.  The  live  steam  fills  the 
space  a,  a,  but  has  no  communication  through  the  pipe  d  that 
leads  to  the  steam  chest  c  of  the  low-pressure  cylinder.  The 
plate  d  closes  one  end  of  the  pipe  &.  The  exhaust  port  e, 
however,  connects  directly  with  ^,  so  that  the  steam,  after 
expanding  in  f,  exhausts  through  e  into  d  and  fills  the 
space  jr.A'iJr.  whence  it  pa^ises  to  the  cylinder  A.  Both 
valves  I  and  J  are  moved  by  the  same  valve  stem  k.  These 
valves  differ  somewhat  from  those  already  described;  hence 
a  short  description  will  be  given  here.  It  will  be  seen  that 
they  are  of  the  pressure-plate  type.  The  plates  and  valves 
are  ground  together  so  that  they  fit  perfectly,  and  no  steam 
can  gel  behind  the  valves.  For  convenience,  the  valve  J  only 
will  be  described.  The  flat  plate  /  is  the  pressure  plate, 
and  the  steam  pressure  on  the  back  of  the  plate  is  prevented 
by  the  bolt  m  from  pressing  the  valve  with  great  force  to  its 
seat.  The  pressure  that  keeps  the  valve  to  its  seat  is  sup- 
plied by  the  spring  n.  The  valve  would  still  be  uubalanced 
from  beneath  if  the  bottom  of  the  pressure  plate  were  a 
perfectly  smooth  surface,  for,  when  in  the  x)osition  shown, 
the  steam  filling  the  ports  o  and  f\  presses  upwards  against 
the  valve  and  forces  it  against  the  pressure  plate.  To 
counteract  this,  recesses  p  and  ^i,  having  the  same  width  and 
length  as  the  steam  ports  o  and  o,  are  cut  in  the  pressure 
plate  aud  steam  is  allowed  tu  enter  each  from  tlie  corre- 
sponding  ports  o  and  &,,  which  are  exactly  opposite  the 
recesses.  For  the  same  reason,  the  steam  in  the  recess  fi^ 
balances  the  exhaust  steam  entering  the  port  0.. 

7,  A  peculiarity  of  the  high-pressure  cylinder  valve  is 
thai  it  has  two  points  or  openings  for  the  admission  of 
steam  to  the,  cylinder.  The  two  points  of  admission  are 
secured  by  making  the  valve  hollow  and  allowing  the  steam 
to  enter  at  r  and  s,  and  flow  through  the  valve  and  into  tlie 
head-end  steam  port,  as  shown  by  the  arrows,  while  at  the 
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same  time  steam  enters  the  port  at  /.  This  occurs  when 
the  valve  has  moved  to  the  left  from  the  position  shown  in 
the  fisrure.  The  object  of  this  is  to  allow  a  wider  port  opening 
without  a  corresponding  increase  in  the  travel  of  the  valve. 


8.  The  ratio  of  expansion  of  a  compound  or  triple- 
expansion  engine  is  the  ratio  between  the  volume  of  steam 
exhausted  into  the  atmosphere  or  into  the  condenser  per 
stroke,  and  the  volume  of  steam  in  the  high-pressure  cylinder 
at  the  point  of  cut-off. 

The  apparent  cut-off,  as  defined  in  Steam'Engtru 
Mechanism,  is  the  ratio  of  the  portion  of  the  stroke  com- 
pleted at  cut-off  to  the  total  length  of  the  stroke. 

The  real  cut-off  is  the  ratio  between  the  volume  of  steam 
in  the  cylinder  and  clearance  space  at  cut-off  and  the  volumei 
including  clearance,  at  ihe  end  of  the  stroke. 

Let  e  —  ratio  of  expansion  in  high-pressure  cylinder; 
B  —  total  ratio  of  expansion  in  both  cylinders; 

V  —  volume  of  cylinder  receiving  steam  from  boiler; 

V  —  volume  of  cylinder  exhausting  into  atmosphere  or 

condenser; 
I  =  clearance,  expressed  as  a  per  cent,  of  stroke; 
k  =  real  cut-off  in  high-pressure  cylinder; 
kt  =  apparent  cut-off  in  high-pressure  cylinder; 
r  =  apparent  ratio  of  expansion  in  high-pressure  cylin- 
i 


der,  or 


Then, 


and, 


.  =  i  =  i+i' 


U) 
(2) 

(3) 


that  is.  the  fofa/  ratio  of  ex  pans  ten,  or,  as  it  is  often  expressed, 
the  number  of  expansions y  is  equal  to  the  ratio  of  expansion  of 
the  small  cylinder  muUiplied  by  the  ratio  between  the  volumes 
of  the  low-  and  high-pressure  cylinders.  The  total  ratio  of 
expansion  in  a  compound  engine  depends  only  on  the  relative 
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volumes  of  the  cylinders  and  the  point  of  cut-off  in  the  high- 
pressure  cylinder;  it  does  not  depend  at  all  on  the  point  of 
cut-off  in  the  low-pressure  cylinder.  The  number  of  expan- 
sions in  a  compound  engine  generally  varies  from  6  to  12;  in 
a  triple-expansion,  from  10  to  25;  and  in  some  cases  bighei. 

Example  I.— It  is  desired  to  have  a  total  ratio  of  cxpaosioo  of  9; 
tlic  number  of  expaiiKiuns  id  the  higli-prcssure  cyliudcr  is  2.72;  tbc 
volume  of  the  higb-pre8«;ure  cylinder  it;  A  cubic  feet.  What  mast  be 
the  volume  of  the  low-pressure  cylinder? 

SoLtmoM. —    £'  —  9;  ^  —  2.72;  p  =  G.    Substituting  in  formulas, 

O  TO  1^  ft  y  o 

9  ''—^.  or  K«  ^-f  =  20  cu.  ft.,  nearly.     Ans. 

t)  £.4^ 

Example  2. — The  low -pressure  cylinder  is  four  times  as  large  ts 
the  hinh-pressure  cylinder,  the  apparent  cut-ofT  of  the  latter  is  .4,  and 
the  clearance  5  per  cent.;  what  is  the  total  ratio  of  expansion? 

Solution, — From  formula  3, 

•^-(.4+.05)Xl       ^-     •^• 


EXAMPI.RH     FOR    PRACTICE 

1.  A  compound  engine  has  cylinders  15  inches  ^nd  25  inches  : 
diameter  and  20  inches  stroke:  thot  is.  its  siae  is  15"  and  2-V'  x  20'';  the 
clearance  in  the  high-pressure  cylinder  is  14  percent.,  and  theapparmt 
cut'Off  is  i.    What  is  the  number  of  expansions?  Ans.  6M 

2.  A  2S",  48".  and  74"  X  *)0"  triple-expansion  engine  cuts  off  at 
I  stroke  in  the  high-pressure  cylinder;  clearance  in  the  high-pressurr 
cylinder.  2  per  c«nt.    Find  the  number  of  expansions. 

Ans.  17,  oeasiy 

3.  I(  a26",  40",  60".  and  70"  X  72"  qunclru pie-expansion  engine  cuts 
off  the  steara  in  the  high-pressure  cylinder  at  J  stroke,  and  the  clear- 
auL-c  in  that  cylinder  is  3  per  cent.,  what  is  the  total  number  of  cxpan 
sions?  Ans.  2G|,  nearly 

9,  Twin-Compound  Enffltio  With  Recrlvcr. — When 
the  exhaust  from  the  high-pressure  cylinder  passes  into  an 
intermediate  chamber  before  entering  the  low-pressure  cylin- 
der, this  chamber  is  called  a  receiver,  and  the  engine  is 
sometimes  called  a  receiver  <*iiglnc.  All  the  space 
between  the  exhaust  valve  on  the  high-pressure  cylindet 
and    the    admission    valve    on    the    low-pressure    cylinder, 
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ta) 


through  which   the   steam   passes   from   the   high-pressure 

B _______     cylinder,  comprises  the  receiver  volume.    The 
^  same  guaiility  of  steam  must  be  taken  into  the 

low-pressure    cylinder    as    is    expelled    from 

^    I    \    I    I     the  hiKh-pressure   cylinder    at    each    stroke. 
'         '         The  varying  pressures  in  the  receiver  and  in 
both    cylinders    are    shown    in    the   following 
illustrative  example:  ' 

Taking  a  twin-compound  engine,  with  the 
diameter  of  the  low-pressure  cylinder  twice 
that  of  the  high-pressure  cylinder,  then,  with 
the  same  length  of  stroke,  the  volume  of  the 
low-pressure  cylinder  will  be  four  times  that  of 
the  high-pressure  cylinder.  If  the  high-pres- 
sure cylinder  contains  4  cubic  feet  of  steam, 
the  low-pressure  cylinder  contains  )C  cubic 
feet.  Let  the  receiver  contain  2  cubic  feet 
and  the  cylinders  and  receiver  be  located  in 
the  relation  shown  in  Fig.  6.  Assume,  for  con- 
venience, that  the  steam  expands  according  to 
the  law  fiv  =  ^,  t'l,  and  that  the  4  cubic  feet  of 
steam  in  the  high-pressure  cylinder  is  at  a 
pressure  of  36  pounds  absolute  when  the 
piston  is  in  the  position  shown  at  a,  Fig.  6  (a), 
the  steam  port  to  the  cylinder  d  is  closed 
and  the  steam  in  the  receivers  is  at  90  pounds. 
Then,  when  the  port  opens  between  the 
receiver  and  the  high-pressure  cylinder,  the 
pressures  will  equalize  and  there  will  be  6  cubic 
feet.  The  pressure  at  this  point  is  obtained 
by  the  formula  K/*  =  v,fi,  -\-  v.p,.  Then,  P 
^  tsA±t^A  ^  4X36  +  2X90  ^  ^^    ^^^^^_ 

V  6 

The  pistons  a  and  rf  then  move  *  stroke  to  the 
position  shown  in  Fig.  6  ((^),  and  the  steam 
expands  to  fill  the  space  of  4  cubic  feet  in  the 
low-pressure    cylinder,    2   cubic    feet    iu   the 

receiver,  and  3  cubic  feet  in  the  high-pressure  cylinder,  or  a 


m 


E 


('J 
Pio.  0 
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total  of  9  cubic  feet  with  a  pressure  of 


6X54 
9 


=  36  pounds. 


In  the  position  shown  in  Fiij.  6  (c),  the  pistons  have  moved 
another  i  stroke,  but  the  valve  into  the  low-pressure  cylinder 
was  closed  before  the  movement  began,  so  that  3  cubic  feet 
in  the  high-pressure  cylinder  and  2  cubic  feet  in  the  receiver 
at  36  pounds  have  been  compressed  into  2  cubic  feet  in  each. 


or  4  cubic  feet  at  a  pressure  of 


5x36 


—  45  pounds.     In  the 


low-pressure  cylinder,  the  four  volumes  at  33  pounds  have 

4X36 


expanded  to  8  cubic  feet  at 


8 


—  18  pounds.  In  the  posi- 


I 

I 

=  60  pounds,  and  in  the  low-prc&-  ■ 


tion  shown  in  Fig.  6  (rf),  the  4  cubic  feet  in  the  high-pressnre 

cylinder  mid  receiver  has  been  compressed  into  3  cubic  feet, 

r  4  X  45 
or  to  a  pressure  of  — =-^ — 


Piu  7 


I 


sure  cylinder  the  volume  has  increased  to  12  cubic  feet  at  a 

8  y  18  \  M 

pressure  of  -~- —  =  12  pounds.    In  Fig.  6  (e),  there  are  only  ■ 

the  two  volumes  of  the  receiver  at  a  pressure  of  — ^ —  =  90 

pounds,  while  in   the   low-pres- 
sure cylinder  there  are  sixteen 

12  V  13 

volumes  at  a  pressure  of  -    ^ 

=  9  pounds.  Thus,  the  pres- 
sure in  the  receiver  after  pass- 
ing through  the  cycle  has 
returned  to  the  original  pres- 
sure. In  the  high-pressure  cyl- 
inder, with  the  cut-off  at  i  and  a 
final  pressure  of  36  pounds,  the 
original  pressure  must  have 
been  4  X  36  =  144  pounds;  and 
jr.  the  low-pressure  cylinder, 
with  an  initial  pressure  of  36  pounds  and  four  expansions, 
the  Jinal  pressure  is  36  -^  4  =  9  pounds.  This  is  shown  in 
the  diagram  in  Fig.  7,  in  which  the  line  AB  represents  ihe 
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length  of  stroke,  and  BC  the  initial  pressure  of  144  pounds 
per  square  inch.  The  cut-off  takes  place  at  D,  or  \  stroke, 
and  the  steam  expands  to  E,  or  full  stroke,  having  a  pressure 
ol  .4  E  =  3G  pounds  per  square  inch.  At  this  point,  com- 
munication to  the  receiver  opens  and  the  pressures  are  equal- 
ized at  54  pounds,  shown  by  A  F,  and  then  the  steam  expands 
for  }  stroke  to  H  G  —  36  pounds.  At  this  point,  the  steam 
in  the  low-pressure  cylinder  is  cut  off,  the  low-pressure 
piston  moves  to  the  end  of  its  stroke,  and  the  steam  expands 
alonsr  the  line  <7/  to  the  pressure  /?/  =  9  pounds,  while 
the  steam  in  the  receiver  and  high-pressure  cylinder  is  com- 
pressed along  GJio  BJ  =  90  pounds  per  square  inch. 


10.     Cposs-Comi>oun<l  En^clnos  With  Kecelver. — In  a 

cross-compound  engine,  the  variation  of  the  pressures  in  the 
cylinders  and  receiver  is  different  from  the  twin-compound 
because  the  cranks  are  at  some  other  angle  than  0°  or  180°. 
Fig.  8  iUustrates  the  different  positions  of  the  pistons  and 
cranks  in  a  cross-compound  engine  with  the  cranks  at 
90^,  the  angularity  of  the  connecting-rod  being  neglected. 
Assume  the  volume  of  the  low-pressure  cylinder  to  be 
1(3  cubic  feet,  the  volume  of  the  high-pressure  4  cubic  feet, 
and  the  volume  of  the  receiver  2  cubic  feet,  as  in  the  twin 
engine  in  Art.  9.  Let  the  steam  be  cut  off  at  i  stroke  in 
both  cylinders,  and  let  the  boiler  pressure  be  144  pounds  per 
square  inch,  absolute.  The  beginning  of  the  stroke  in  the 
high-pressure  cylinder  is  shown  in  Fig.  8  (a),  with  the  high- 
pressure  piston  at  a,  the  low-pressure  piston  at  ^,  high-pres- 
sure crank  at  r,  and  the  low-pressure  crank  at  d.  The  crank- 
circle  has  been  drawn  on  the  low-pressure  cylinder  for  the 
purpose  of  comparison.  The  center  of  the  crank-circle  is  at 
tlie  middle  point  of  the  low-pressure  cylinder,  and  the  centers 
of  the  crankpins  .ilways  lie  on  the  vertical  center  lines  of 
their  respective  pistons.  The  steam  is  admitted  to  the  high- 
pressure  cylinder  for  I  stroke  at  the  full  boiler  pressure  of 
144  pounds  absolute,  and  then  expands  to  the  end  of  the 

144X1 


stroke,  where  it  has   a    pressure  of  — 


=  36  poands. 
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Assume  the  pressure  in  the  receiver  to  be  40.8  pounds. 
Then,  when  the  exhaust  valve  from  the  hiyh -pressure  cylinder 

opens  to  the  receiver,  there 
will  be  2  cubic  feet  at  40.s 
pounds  and  4  cubic  feet  at 
36  pounds,  to  equalize, 
giving  a  receiver  pressure 
of^X  36  +  2  X  40.8^3.  Q 


fX 


\y 


(a) 


(ft 


Tsr 


(d) 


i 
i 


pounds.  The  steatn  on  the 
left-hand  side  of  the  piston 
^  is  at  a  pressure  of  about 
IS  pounds  per  square  inch, 
and  is  expanding,  while 
that  on  the  right-hand  side 
is  exhausting:  into  the  air 
or  condenser. 

^^^^en  the  high-pressure 
piston  has  moved  to  the 
position  shown  in  Fig.  6  fl 
(d) ,  cut-off  takes  place  and 
there  is  in  the  cylinder 
1  cubic  foot  of  steam  at 
144  pounds  pressure.  The 
right-hand  end  of  the  high- 
pressure  cylinder  is  still 
open  to  the  receiv^er,  but 
the  volume  has  been  re- 
duced from  6  cubic  feet 
to  5  cubic  feet;  and  con- 
sequently,    the     pressure 

^7  6  V  6 
has  increased  to      -'  >    —  =  45.1  pounds.     In  the  left-hand 


i 
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end  of  the  low-pressure  cylinder,  the  steam  has  expanded 
from  a  volume  of  8  cubic  feet  to  14.92  cubic  feet,  nearly, 
and    the    pressure    has  been    reduced    from    18   pounds   to 

'14.92 


-  — ^«    =  9-65  pounds,  nearly. 
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In  the  positions  shown  in  Fig.  8  U),  the  pressure  at  the 

144  V  I 
left  of  a  is  -^- --  =  72  pounds;  that  at  the  right  and  in  the 


receiver  is 


45.1  X  5 


56.4  pounds,  and  in  the  low-pressure 


cylinder  the  pressure  is  — — ~ — - —  =  9  pounds.     At  this 

16 

point,  the  exhaust  valve  closes  on  the  low-pressure  cylinder 
and  the  valve  to  the  receiver  opens  to  admission  on  the 
right-hand  side  of  the  piston  ^. 

In  the  position  shown  in  Fig.  8  (rf),  the  steam  on  the  left- 
hand  side  of  a  has  expanded  to  3  cubic  feet,  and  the  pressure 

has   been   reduced  to       C"      =  48  pounds.     On  the  right- 

o 

band  end,  there  is  1  cubic  foot,  the  receiver  has  2  cubic  feet, 

and  the  right-hand  end  of  the  low-pressure  cylinder  contains 

1.08  cubic  feet,  nearly;  hence  the  volume  of  these  three 

4  X  6G.4 


is    4.08  cubic  feet   and    the    receiver   pressure   is 


4.08 


=  55.3  pounds,  nearly.  The  left-hand  side  of  the  low-pres- 
sure cylinder  is  open  to  exhaust. 

In  the  position  shown  in  Fig.  8  (c),  the  volume  at  the 

left   of  a  is   3.73   cubic    feet,   and    the    pressure    is   -^-=^ 

O.ta 

=:  3S.fi  pounds,  nearly.  The  volume  on  the  right  of  a  is 
.27  cubic  foot,  in  the  receiver  2  cubic  feet,  and  on  the  right 
of  d,  4  cubic  feet,  making  6.27  cubic  feet  and  a  receiver  pres- 
.')5.3^X_4.0H 
6.27 

side  of  the  low-pressure  cylinder  is,  of  course,  open  to 
exhaust.  The  receiver  is  shut  off  at  this  point  from  the 
low-pressure  cylinder,  and  the  2  cubic  feet  in  the  receiver 
and  the  .27  cubic  foot  in  the  high-pressure  cylinder  are  com- 
pressed to  2  cubic  feet  at  the  position  shown  in  Fig.  8  (/)  at 


sure  of 


=  36  pounds,   nearly.      The   left-hand 


a  pressure 


o£  ^•^"  X  ^^  =  40.8  pounds,  nearly.     On  the  left 


of  a,  the  volume  is  now  4  cubic  feet  and  the  pressure  is 
— "— ^ — - —  =  36  pounds,  nearly.     The  volume  on  the  right 
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of  b  has  expanded  from  4  cubic  feet  at  36  pounds  to  8  cubic 
feet  at  18  pounds.  These  pressures  agree  with  those  at 
the  starling  point,  and  the  process  will  be  repealed  on  the 
return  stroke.  . 

C0MP01IN1>-KN01NE  DIAGRAMS 

11.     In  Fig.  9  are  shown  the  ideal  diagrams  of  a  tandem 
compound  engine  that  exhausts  directly  from  one  cylinder 
into    the   other;    clearance    and    compression    are    not   coo- 
it. B 


D 


IT 


f     f 


it  it 


sidered.  AfiCD  is  the  diagram  from  the  high-pressnre 
cylinder.  Steam  enters  at  the  boiler  pressure  0.'4;  at  B 
cut-off  occurs,  and  the  steam  expands  along;  the  line  BCio 
the  end  of  the  stroke.  The  steam  and  expansion  lines  A  B 
and  >?Care  precisely  like  those  of  a  simple  engioe.  At  C 
the  exhaust  opens.  Instead,  however,  of  exhausting  into  the 
atmosphere  or  a  condenser,  the  steam  exhausts  into  the  low 
pressure  cylinder.  The  low-pressure  cylinder  is  always 
largfcr  than  the  high-pressure  cylinder;  consequently,  the 
volume  of  steam  exhausting:  from  the  hich-pressure  into 
the  low-pressure  cylinder  is  constantly  increasing.  This  is 
shown  in  Fig,  10;  when  the  two  pistons  are  at  the  end  of  the 
stroke,  as  shown  at  [a),  the  steam  simply  fills  the  small 
cylinder  h\  but  at  the  middle  of  the  stroke,  as  shown  at  {b), 
the  steam  fills  half  of  h  and  also  half  of  /.  Hence,  its 
volume  grows  greater  as  the  two  pistons  move  to  the  right. 
Returning  to  Fig.  9,  the  steam,  when  the  piston  is  at  the 
end  C  of  the  stroke,  just  fills  the  small  cylinder;   on  the 
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return  stroke,  however,  as  has  just  been  shown,  the  volume 
increases,  and  hence  the  pressure  faHs,  as  shown  by  the 
back  pressure  Hne  CD.  At  the  end  D  of  the  return  stroke, 
steam  again  enters  the  right  end  of  the  cylinder  A,  Fig.  10, 
from  the  boiler  and  raises  the  pressure  to  A^  thus  complet- 
ing the  cycle  of  operations. 

CD  H L  represents  the  card  from  the  low-pressure  cylin- 
der /.  Since  the  high-pressure  cylinder  exhausts  directly 
into  the  low-pressure  cylinder,  the  back  pressure  of  the 
former  must  be  the  same  as  the  forward  pressure  of  the 
latter.      Hence.  CD  is  both  the  back-pressure  line  of  //  and 


I 


At  the  end  of  the   stroke. 


^^... 


t 


(b) 


the  expansion  line  of  /,  At  the  end  of  the  stroke,  the 
pressure  drops  from  D 
to  H,  OH  being;  the 
pressure  in  the  con- 
denser. The  remainder 
of  the  diagram  is  the 
same  as  that  o  i  a  simple 
engine.  In  thisdescrip- 
lion,  the  common 
length  OAf  of  the  two 
diasrrams  has  been 
made  proportional  to 
the    length   of    stroke.  P'"  ><> 

The  indicator  diagram  is  so  drawn  that  the  vertical  distances 
represent  pressures  in  the  cylinder  in  pounds  per  square 
inch,  and  the  horizontal  distances  represent  lengths  of  the 
stroke  to  some  scale.  As  the  area  of  cross-section  of  the 
cylinder  is  ronstant,  the  horizontal  distances  on  the  indicator 
diagram  are  often  taken  as  representing  volumes  in  the  cyl- 
inder to  a  properly  chosen  scale.  When  indicator  diagrams 
are  taken  from  two  cylinders  of  the  same  stroke  but  dififerent 
diameters,  the  diagrams  do  not  represent  the  volumes  to  the 
same  scale  and  hence  their  areas  do  not  represent  the  work  of 
their  respective  cylinders  to  the  same  scale.  In  order  to  com- 
pare the  two  diagrams,  they  should  be  drawn  to  the  same  scale, 
which  can  readily  be  done  in  this  case  by  choosing  lengths  of 
the  diagram  proportional  to  the  volumes  of  the  two  cylinders. 
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12.  Suppose,  now.  that  the  length  of  each  diagram  be 
taken  to  represent  the  volume  o£  the  cylinder  to  which  it 
belongs.  Let  OM  represent  the  volume  of  the  high-prcs- 
sure  cylinder.  Suppose  that  the  volume  of  the  low-pressure 
cylinder  is  three  times  the  volume  of  the  high-pressure 
cylinder.  The  length  of  the  low-pressure  diagram  must 
then  be  three  times  that  of  the  high-pressure  diagrani. 
From  C  lay  off  O  A^  =  3  X  t)  .V,  and  project  the  expansion 
line  CD  into  the  line  EF.  This  is  done  by  dividing  ihe 
line  OM  into  a  convenient  number  of  equal  parts,  in  this 
case  eight,  and  ON  into  the  same  number  of  equal  parts. 
At  the  points  of  division  c.^^,  etc.,  erect  ordinates  cut- 
ting CD  in  c,tf^  etc.  At  the  points  of  division  of  C>  A' erect 
ordinates  /"*?,  f  a'y  etc.  Through  r,r',  etc.  draw  lines  parallel 
to  ;f/iV,  cutting  a  {  \ti  a,  a'  P  in  a',  etc.;  *»,«',  etc.  will  be 
points  on  the  required  line  E F.  E  and  F  are,  of  course, 
opposite  C  and  D.  EFGH  represents  the  low-pressure 
diagram  to  the  same  scales  of  pressure  and  volume  used 
in  A  BCD,  the  high-pressure  diagram.  EFG//  has  been 
laid  oS  to  the  left  of  OA  simply  for  convenience. 

18.  The  Iwo  diagrams  may  be  combined  into  one  in  the 
foUowing  manner:  Draw  a  horizontal  line,  as  a  rf,  intersect- 
ing both  diagrams.  The  volume  of  steam  in  the  high-pres- 
sure cylinder  at  the  pressure  ec  —  Ob  i^  represented  by  the 
length  br,  the  volume  of  steam  in  the  low-pressure  cylinder 
at  the  same  pressure  is  represented  by  ab.  Hence,  the  total 
volume  of  steam  at  the  pressure  in  question  is  a  ^  -f  A^  =  a r. 
From  c  lay  off  cd=-ab\  then,  ab -\- be  ^  be -{' cd  ^  bd 
s=  volume  of  steam  at  pressure  Ob,  In  the  same  matmerit 
is  found  that  b'  d'  equals  the  volume  of  steam  in  both  cylin- 
ders when  the  pressure  is  represented  by  Ot^.  By  Bndinj; 
a  suflficient  number  of  these  points,  d.it,  etc.,  the  curve  CK 
may  be  drawn.  This  curve  represents  the  relation  between 
the  common  pressure  in  the  two  cylinders  and  the  total  vol- 
ume of  steam  in  both  cylinders,  and  it  will  be  found  that 
it  is  simply  a  continuation  o(  the  expansion  curve  J3  C  oi  the 
high-pressure  cylinder.     It  is  seen  that  the  combination  of 


i 
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these  iwo  diagrams  forms  one  large  diagram  ABCK I HA^ 
equal  in  area  to  the  sura  of  the  areas  A  BCD  and  EFGH\ 
for  the  mean  ordiiiates  of  Eb'G H,  C DH L,  and  CK I L  are 
equal  from  the  nature  of  the  construction;  hence.represent- 
ing  the  mean  ordinate  by  w,  the  area  of  EFGH  —  m  X  GH\ 
of  CDHL^  m%HL\  and  of  CIC/L^mXL/.  But 
GH  =  3  HL  and  LI  ^2  H L\  consequently,  area  EFGH 
*=  my.ZHL  =  mX  HL  +  mX  2//L  =  area  C  D  H I K, 
The  length  of  the  large  diagram  represents  the  volume  of 
the  low-pressure  cylinder,  while  the  initial  pressure  OA  is 
the  boiler  pressure  of  the  steam  entering  the  high-pressure 
cylinder. 

The  ratio  of  expansion  of  the  compound  engine  of  Fig.  9 

M  f 

is       -.     If  the  large  diagram  AB K I H A  be  considered  as 
A  B 

the  diagram  of  a  single  engine,  the  ratio  of  expansion  is  also 

M  T 

.     A  single  engine  giving  the  large  combined  diagram 

AB 

A  B  KIHA  will  do  the  same  wort  as  the  compound  engine 
giving  the  two  diagrams  A  BCD  and  EFGH',  but  in  order 
that  a  single  engine  may  give  the  diagram  A  BA'/HA,  the 
volume  of  its  cylinder  must  be  represented  by  HI — that  is, 
it  must  be  equal  to  the  volume  of  the  low-pressure  cylinder 
of  the  compound  engine,  and,  further,  it  must  work  with  an 
initial  pressure  OA  equal  to  tlie  boiler  pressure  of  the  com- 
pound engine. 

14.  A|iproxliTinte  norsRpmwiir  of  a  Componnd 
KiiKlue. — From  the  foregoing  statement,  the  following  rule 
is  apparent:  The  horsepmvcr  of  a  compound  engine  is  approxi- 
mately equal  to  the  horsepower  of  a  single  engine  having  a  cy Un- 
der eqttai  in  volume  to  the  low-pressure  cylinder  of  the  compound^ 
and  working  with  the  same  ratio  of  expansion  and  with  the 
same  boiler  pressure. 

In  general,  it  is  customary  to  calculate  the  horsepower  o£ 
a  compound,  triple,  or  quadruple-expansion  engine  as  if  the 
total  expansion  took  place  in  the  cylinder  exhausting  into 
the  condenser.     This  will  give  a  rough  approximation  to  the 


22       COMPOUND  AND  CONDENSING  ENGINES   §55 


true  horsepower,  which  will  usually  be  less  than  the  calca* 
Uted  value. 

When  the  total  number  of  expansions  and  the  steam  pres- 
sure during  admission  are  known,  the  mean  effective  pres- 
sure, commonly  written  M,  E.  P.,  may  be  found  approxi- 
mately by  the  following  formula: 


M.  E.  P.  =  -9 /'(I +  2.3  log  ^)  _  5^ 


in  which 


P  K  absolute  boiler  pressure; 

p  =a  absolute  back  pressure; 

E  =  total  number  of  expansions. 
In  this  Formula,  the  constant  2.3  is  used  for  convenience 
instead  of  ttie  more  accurate   value   2.302G   used   in  other 
formulas.     The  value  of  M.  E.  P.  from  the  above  formula 
is  to  be  substituted  for  P  in  the  horsepower  formula. 

Example. — The  low-pressure  cylindor  of  a  compound  condenRing 
CDgine  is  30  in.  X -iO  in.;  the  boiler  pressure  is  100  pounds  (Kaage) 
and  tlie  number  of  expunsioas  8.  Find  the  approximate  horsepower, 
assuming  the  number  of  revolutiotis  per  minute  to  be  GO. 

So LtTioN.— Absolute  pressure  /•=  100+  14.7  =  114.71b.;  take  back 
pressure  /  equal  to  3  lb.  for  condensing  engine;  ratio  of  expansioo 
>?  =  8.    Substituting  in  theformula,  M.  E  P.  =  ■^^n+2.31og.£>  _  ^^ 

^.9X114.7(1 -fS.3  log  8)        g^j 
8 


tiorsepower formula,  I.  H.  P.  ^ 
-  317.02  H.  P.    Ans. 


37  lb.,  nearly.    Now,  using  tbe 
PLAN     37  X  40  X  30'  X  .7854  X  60  X  2 


33,000 


33.000  X  12 


I 


15.     ]>lafrrRms   of  a   Tandem    Coniponnd    Knirine. 

Fig.  11  shows  the  ideal  diagrams  of  a  tandem  compound 
engine,  taking  clearance  and  compression  into  account.  The 
pressures  are  represented  to  the  same  scale,  but  the  volumes 
are  to  different  scales.  The  steam  and  expansion  lines  AB 
and  BC  oi  the  high-pressure  cylinder  are  similar  to  those  oi 
a  single  engine.  At  C  the  pressure  drops  slightly  as  the 
steam  is  admitted  to  the  low-pressure  cylinder.  The  back- 
pressure line  of  the  high-pressure  diagram  and  the  expansion 
line  of  the  low-pressure  diagram  are  parallel,  the  slight  dif- 
ference between  them  being  due  to  the  resistance  of  the 
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pipe  connecting  the  cylinders.  At  E^  the  steam  is  cm  ofi 
from  the  large  cylinder,  and  is  compressed  in  the  small 
cylinder  and  in  the  pipe  connecting  the  two.  At  /%  the 
exhaust  closes  and  the  steam  is  compressed  in  the  small 
cylinder  alone  from  FKo  G\  at  G,  fresh  steam  again  enters. 
When 'the  cut-off  of  the  low-pressure  cylinder  occurs,  as  at  5. 
the  steam  already  in  the  cylinder  expands,  following  ihe 
ordinary  equilateral  hyperbola  5  T.  At  7',  release  takes  place 
and  the  pressure  falls  to  the  pressure  of  the  condensjer.  The 
remainder  of  the  diagram  is  the  same  as  for  a  simple  engine. 
In  Fig.  12  is  shown  a  diagram  taken  from  an  actual 
engine.  The  similarity  between  it  and  the  theoretical  dia* 
gram  of  Fig.  1 1  will  readily  be  seen. 

16.     Action    of    Htcam    In    the    Cross- Com  pound 

Kn^Iue. — The  action   of   the   steam  in  a  cross-compound 

A  a 


Pio.  w 

engine  with  a  receiver,  may  perhaps  be  better  shown  by 
assuming  certain  conditions  to  be  fulfilled,  and  from  them 
working  out  the  theoretical  diagram.  Suppose  that  the 
volume  of  the  low-pressure  cylinder  is  12  cubic  feet;  that 
the  volume  of  the  high-pressure  cylinder  is  4  cubic  feet;  that 
the  volume  of  the  receiver  also  is  4  cubic  feet;  that  the 
steam  is  to  be  cut  off  in  the  high-pressure  cylinder  at  \  stroke, 
and  in  the  low-pressure  cylinder  at  \  stroke;  that  the  boiler 
pressure  is  100  pounds  absolute;  and  that  the  cranks  make 
an  angle  of  €<1°  with  each  other.  Neglect  clearance  and 
compression.  The  stroke  of  the  high-pressure  cylinder 
begins  at  A,  as  shown  in  Fig.  13,  the  pressure  at  A  being 
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100  pounds;  at  B,  cut-off  takes  place  and  the  steam  expands 

along  the  equilateral  hyperbola  B  C.    The  volume  of  steam  at 

C is  three  times  that  of  B,  and,  since  p,Vx  =  p,v„  the  pres- 

KX)  X  I 
sure  at  C  in ~~  =  33.3  pounds.     The  steam  is  released 

at  Cand  passes  into  the  receiver,  where  it  mixes  with  steam 
at  receiver  pressure.  In  order  to  find  the  resulting  pressure 
oi  the  mixture  of  the  steam  in  the  high-pressure  cylinder, 
and  the  steam  in  the  receiver,  it  will  first  be  necessary  to  find 
the  pressure  of  the  latter.  The  total  ratio  of  expansion  is 
found  as  follows:  The  volume  of  the  high-pressure  cylinder 
at  cut-oflf  is  J  cubic  feet;  volume  of  low-pressure  cylinder 
is  12  cubic  feet;  number  of  expansions  =  12  -^  J  =  9.  If 
clearance  had  been  taken  into  account,  the  above  would  be 
modified  to  a  certain  extent.  It  can  be  proved  that  the 
size  of  the  receiver  exerts  no  effect  whatever  on  the  number 
of  expansions  or  on  the  final  terminal  pressure.  Hence, 
the  terminal  pressure  in  the  low-pressure  cylinder  is  ^P 
=  11.1  pounds.  Since  the  low-pressure  cylinder  cuts  oS  at 
i  stroke,  the  pressure  at  the  point  of  cul-ofi  is  11.1  X  1  =  ^ 
X  it  or  ^  =  22.2,  the  volume  of  steam  at  cut-off  being  half 
that  at  the  end  of  the  stroke.  Now,  just  before  cutting  oS,  the 
low-pressure  cylinder  was  receiving  steam  from  the  receiver; 
hence,  the  pressure  in  the  receiver  at  the  instant  of  cut-off  in 
the  low-pressiu-e  cylinder  is  22.2  pounds.  Since  the  cranks 
are  at  right  angles  to  each  other,  the  high-pressure  piston  is 
just  at  the  end  of  its  stroke  when  cut-off  occurs  in  the  low- 
pressure  cylinder.  Hence,  the  steam  at  33,3  pounds  pressure, 
on  being  released  from  the  high-pressure  cylinder,  rushes  into 
the  receiver  and  mixes  with  the  steam  at  22.2  pounds  pres- 
sure.   The  pressure  of  the  mixture  is  found  from  the  formula, 

The  volume  of  steam  in  the  high-pressure  cylinder  having 
a  pressure  of  33.3  pounds  is  4  cubic  feet,  and  that  in  the 
receiver  having  a  pressure  of  22,2  pounds  is  4  cubic  feet. 
The  low-pressure  cylinder  being  cut  off,  the  total  volume  of 
the  mixture  is  8  cubic  feet. 


Plfi.  14 

at  K^  Since  at  E  the  high-pressure  piston  Is  at  the  middle 
of  its  return  stroke,  the  low-pressure  piston  must  be  at  the 
beginning  of  its  return  stroke.  The  steam  in  the  receiver 
and  high-pressure  cylinder  is  now  admitted  to  the  other  end 
of  the  low-pressure  cylinder,  its  volume  increases  as  showu 
in  Fig.  10,  and  its  pressure  falls  accordingly,  as  shown  by 
the  line  E F,  which  is  a  part  of  the  back-pressure  line  of  the 
high-pressure  diagram,  and  the  steam  line  of  the  low-pressure 
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diagram.  The  pressure  at  F  has  already  been  found  to 
be  22.2  pounds,  and  the  terminal  pressure  at  7*  to  be  11.1 
pounds.  Hence,  the  expansion  line  of  the  low-pressure  dia- 
gram is  an  equilateral  hyperbola  through  r  and  T.  At  7*, 
the  pressure  drops  to  that  of  the  condenser,  about  3  pounds; 
(he  remainder  of  the  diagram  is  the  same  as  for  a  sim- 
ple engine. 

In  Fig.  14  is  shown  a  diagram  from  a  compound  marine 
engine.  It  will  be  readily  seen  that  it  quite  closely 
resembles    the    theoretical    diagram. 


USUAL    METllon    OP   COMBINING    TIIR    DIAGRAMS 

17.  The  indicator  diagrams  from  multiple-expansion 
engines  may  be  combined  so  as  lo  permit  a  careful  study 
of  the  action  of  the  steam  during  its  passage  through  the 
engines.  In  Fig.  15,  A  and  B  are  the  diagrams  from  the  high- 
pressure  cylinder  and  C  and  /?,  the  diagrams  from  the  low- 
pressure  cylinder  of  a  tandem  compound  non-condensing 
engine.  The  diagrams  A  and  B  are  taken  with  a  60  spring, 
and  C  and  D  with  a  30  spring.  That  is,  each  inch  of  height 
on  tlic  high-pressure  diagrams  represents  GO  pounds  pres- 
sure; and  the  same  height  on  the  low-pressure  diagrams 
represents  30  pounds  pressure.  The  atmospheric  line  M N 
is  shown  beneath  each  set  of  diagrams.  The  diameters  of 
the  cylinders  are  13  inches  and  20  inches,  respectively,  and 
the  clearance  in  each  cylinder  is  10  per  ceut.  of  the  volume 
of  the  high-pressure  cylinder. 

To  combine  the  indicator  diagrams  of  any  multiple-expan- 
sion engine,  they  must  be  reduced  to  the  same  scale  of  pres- 
sure and  voliune.  In  the  diagrams  in  Fig.  15,  the  scales  of 
pressure  are  not  the  same  for  the  two  sets  of  diagrams. 
Furthermore,  the  volume  of  the  high-pressure  cylinder  is 
much  smaller  than  that  of  the  low-pressure,  yet  both  are 
represented  by  the  same  length  of  diagram.  It  is  evident, 
therefore,  that  the  scales  of  volumes  are  likewise  unequal. 
Since  this  is  a  tandem  compound  engine,  the  steam  exhausted 
from  one  end  of  the  high-pressure  cylinder  is  admitted  to  the 
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opposite  end  of  the  low-pressure  cylinder.  Hence,  diaj 
/4  and  D  OT  B  and  Cmust  be  taken  together.  For  the  pur- 
pose of  illustration,  diagrams  /f  and  C  will  be  combined. 
The  diagrams  may  be  combined  in  several  ways.  The  scales 
of  pressure  and  volume  of  both  diagrams  may  be  changed;  the 
scale  of  volume  of  diagram  C  may  be  changed  to  correspond 
to  that  of  B  and  the  scale  of  pressure  of  Ji  changed  to  that 
o£  C;  or,  the  scale  of  volume  of  3  may  be  changed  to  that 


A            \                       /\         \b    \        J 

I         1         1         1         1         1     /   )         1         1         1          1 
1         (         <         1         1         1         1         1         1         1         ■ 

!jr  1     1     !     1      I     !     !«    \p    \»H  jrl 

30     ifprlHff 


i> 


Pig.  U 

of  C,  and  the  scale  of  pressure  of  C  made  the  same  as 
in  /?.  The  last*named  method  will  be  used  in  the  following 
explanation. 

18.  The  first  step  is  »o  draw  both  diagrams  as  they 
would  appear  had  each  been  taken  with  a  60  spring.  Since  C 
is  taken  with  a  3(1  spring,  it  is  evident  that  it  would  be  only  S8, 
or  one-half,  as  high  when  taken  with  a  GO  spring.  Conse- 
quently, divide  the  atmospheric  line  AfN  of  each  diagram 
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into  ten  equal  parts,  and  from  the  points  of  division,  as  well 
as  from  the  ends  of  the  diagrams,  draw  vertical  lines  as 
shown  in  Fig.  15.  Then  draw  a  horizontal  line  Af  N,  Fig.  16, 
equal  in  length  to  AI N,  Fig.  15,  and  divide  it  into  ten  equal 
parts,  erecting  perpendiculars  at  the  points  of  division  and  at 
the  ends.  This  will  be  the  atmospheric  line  of  the  combined 
diagram.  Now,  since  it  is  desired  to  reduce  the  diagram  C 
to  a  scale  of  60  pounds  to  the  inch,  lay  off  Afk^  ad,  ac,  tie, 
etc.,  Fig.  16v  equal,  respectively,  to  \Afk,  kab,  ia<r,  \de, 
etc.  of  Fig.  15,  measuring  from  the  atmospheric  line  in  each 
instance.  This  will  give  a  series  of  points  A,^,  d,  ^t,  f,  /, ',  etc., 
Fig.  16,  through  which  a  smooth  line  may  be  traced,  result- 
ing in  the  reduced  diagram.  This  diagram  is  now  reduced 
to  the  proper  scale  of  pressures,  60  pounds  to  the  inch,  and 
is  just  one-half  as  high  as  in  Fig.  15. 


19.     The  next  step  is  to  reduce  the  diagram  B  so  that  its 
scale  of  volume  will  agree  with  that  of  C.     Its  scale  of  pres- 


PlO,   Ifi 


sure  is  already  60;  hence,  that  need  not  be  changed.    The  two 
cylinders  have  equal  strokes,  and  therefore  their  volumes  are 

proportional    to   their  areas.    That   is,   y  =  ^     ., — ',1 
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*  77;;^  =  ■    ,  ^-     Hence,   the   volume  of  the  high-pre&sare 
4\ji)  1 

cylinder  is  only  .4225  times  that  of  the  low-pressure  cylinder. 

Now,  the  length  Af  A^  of  the  low-pressure  diagram.  Fig,  16, 

may  be  taken  to  represent  the  volume  of  the  low-pressnrc 

cylinder    to    a   certain    scale.     It    measures   2.43  inches  in 

length.     Hence,  the  volume  of  the  high-pressure  cylinder, 

to  tlie  same  scale,  will  be  represented  by  a  length  of  2.43 

X  .4225  =  1.03  inches.     Consequently,  lay  off  AfL  equal  10 

1.03  inches,  as  in  I-'ig.  16,  and  divide  this  distance  into  ten 

equal  parts,  erecting  perpendiculars  at  the  points  of  division. 

Then,  measuring  from  the  atmospheric  line,  as  before,  layoff 

A//,  mn,  mo,  pg,pr^  etc.  of  Fig.  16  equal  to  Nl^  mn,  mc, 

Pq^prt  etc.  of  Fig.  15,  which  will  give  a  series  of  points  /,  j, 

H,  /,  ff,  r,  7/,  etc.,  Fig.  16,  tluough  which  a  smooth  curve  may 

be  traced,  thus  outlining  the  diagram  B  reduced  to  Che  same 

scale  of  volume  as  C. 

20.  The  final  steps  in  the  combination  of  the  two  dia- 
grams are  to  locate  the  vacuum  and  clearance  lines  and  to 
draw  the  theoretical  expansion  curve.  Since  both  diagrams 
are  drawn  to  a  scale  of  60  pounds  to  the  inch,  the  vacuum 

14  7 
line  must  lie  --^-  =  .245  inch,  say  i  Inch,  below  the  atmos- 
pheric line.     That  is,  OX,  Fig.  16,  is  drawn  iinch  below  .VM 
The  clearance  in  each  cylinder  is  10  per  cent,  of  the  volume 
of  the  high-pressure  cylinder.     Consequently,  the  clearance 
on  the  diagram  must  be  represented  by  a  line  whose  length  is 
in  per  cent,  of  1.03.  since  1.03  represents  the  volume  of  the 
•high-pressure  cylinder.     That  is,  1.03  X  .10  =  .103  inch,  say 
V«  inch,  is  the  distance   representing  the  clearance  to  the 
assumed  scale  of  volume.     Therefore,  lay  off  Afv  equal  to 
iV  inch,  and  through  v  draw  the  perpendicular  O  Y,     Then 
O  K  is    the  clearance  line,    or  line  of  zero  volume.     The 
point  O  is  the  point  of  zero  volume  and  zero  pressure.     Now 
locate,  by  inspection  of  the  diagram,  the  point  of  cut-ofT  x  on 
the  diagram  /?,     Through  .r  draw  the  horizontal   line  xw 
and  the  vertical   line  xs.     Then   from  O  draw  radial    lines 
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intersecting  the  horizontal  and  vertical  lines  through  .r  and 
construct  the  equilateral  hyperbola. 

If  the  clearance  volume  is  not  the  same  in  both  cylinders, 
the  diagrams  must  be  so  located  that  their  clearance  lines 
will  coincide,  which  means  that  the  diagrams  will  lie  at 
unequal  distances  from  the  common  clearance  line.  In  such 
a  case,  it  will  be  necessary  to  draw  the  clearance  line  before 
reducing  the  diagrams.     If  there  were  no  losses,  the  area 


Fio,  17 

Ixy  NMl  would  represent  the  work  done  by  the  steam,  and 
the  difference  between  this  area  and  the  combined  area  of 
the  two  diagrams  represents,  approximately,  the  various 
losses  in  the  cylinders  and  connecting  passages.  As  will  be 
seen,  this  loss  is  comparatively  small,  and  could  be  made 
stiU  smaller  by  making  the  cut-off  in  the  low-pressure  cylinder 
a  trifle  later. 

In  a  manner  entirely  similar  to  thai  just  described,   the 
diagrams  of   a   triple-  or   quadruple-expansion    engine   are 
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combined.  Fig.  17  shows  the  combined  diagrams  taken  from 
a  Corliss  triple-expansion  condensing  pumping  engine.  The 
diameters  of  tlie  cylinders  were  28,  48,  and  74  inches,  and 
the  stroke  was  00  incJies;  the  clearance  was  1.4  per  cent. 
1.5  per  cent.,  and  ,77  per  cent.,  respectively. 

21.  Ilatlo  of  CyllnderB. — The  ratio  between  the 
volumes  of  the  two  cylinders  of  a  compound  engine  is  so 
chosen  that:  (1)  the  power  is  divided  as  equally  as  possible 
between  them;  (2)  the  initial  strains  in  the  two  cylinders 
arc  the  same:  (S)  the  drop  of  pressure  between  the  high- 
pressure  cylinder  and  the  receiver  is  as  small  as  possible. 
Numerous  niles  and  formulas  are  used  for  this  purpose. 
One  rule  is  to  make  the  number  of  expansions  in  the  high- 
pressure  cylinder  2.72.  Substituting  this  in  formula  3. 
Art,   8, 

^=2.72^%r^=  Jl^  (1) 

RxAMFLK.— What  shtmlil  he  the  ratio  l>etween  the  volumes  of  ibe 
two  cylinders  if  the  total  number  of  ezpansioas  bo  lU.' 

V       E         \Q 


SoLimos.— 


2.72       2.?2 


=  3.08.    Ana. 


Another  rule  is  to  make  the  ratio  of  the  volume  of  the 
low*  and  high-pressure  cylinders  equal  to  the  square  root  of 
total  ratio  of  expansion;  that  is, 

V 


<E 


(2) 


V 


Using  this  formula  in  the  last  example,  —  =:  ^^  =  -^^ 

V 
»  3.16. 


ZXAMPLEH     FOB    PRACTICE 

1.  A  compound  enpne  is  to  he  designed;  the  high-pressure  cylinder 
Ix  lo  be  17  in.  X  20  in.,  with  an  npporent  cut-off  of  .4,  and  a  clearance 
of  10  per  cent.;  the  total  niimtwr  of  expansions  is  to  be  7.  What 
must  be  the  size  of  the  low-pres.surc  cylinder  having  the  same  stroke? 

Aos.  30.324  In.  x  20  in.,  say  .%l  in.  X  20  in. 

2.  Cnlculate  the  above  by  formula  1.  Ans.  27^  in.  X  201d. 

3.  The  low-preMure  cylinder  of  a  compound  engine  is  44  in.  x  36  in. 
Wliat  must  be  the  diameter  uf  the  high-pressure  cylinder  in  order  that 
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there  may  be  8  expansions,  with  .3H  cut-off  and  12  per  cent,  clearance 
iu  the  high-pre»vQre  cyliatler^  Ana.  23.28  in.,  say  23i  in. 

4.  Ad  11''  and  22^"  X  \^"  compound  engine  has  13  per  cent,  clear- 
ance in  the  high-pressure  cylinder;  fiud  the  jwiint  of  apparent  cut-off  so 
that  there  may  be  9  ezpansioas.  Ans.  SD.5  per  cent,  of  the  stroke 


HOKSEl'OWKR    OF    COMPOUNl*     UNUINKS 

22.  The  IiidlfnttHi  llorMepower. — The  actual  indicated 
horsepower,  commonly  written  I.  H.  P.,  of  a  compound  or 
triple-expansion  engine  may  be  obtained  from  the  indicator 
diagrams.  The  method  used  is  best  shown  by  an  example. 
A  triple-expansion  engine  has  the  volumes  of  its  cylinders 
in  the  ratio  1  :  2«  :  Ci;  tJiat  is,  the  low-pressure  cylinder  is 

64  times  as  larg^e  as  the  high-pressure  cylinder,  and  ~  =  2i 

*T 

times  as  large  as  the  intermediate  cylinder.  The  low-pres- 
sure cylinder  is  40  in.  X  40  in.  The  engine  makes  120  revolu- 
tions per  minute.  On  measuring  the  diagrams,  it  is  found 
that  the  M.  E.  P.  of  the  high-pressure  cylinder  is  80.5  pounds; 
of  the  intermediate  cylinder,  37.5  pounds;  and  of  the  low- 
pressure  cylinder,  16.12  pounds.  What  is  the  I.  H.  P.  of  the 
engine? 

It  would  be  possible  to  calculate  the  I.  H.  P.  by  finding  the 
work  exerted  by  each  cylinder  separately,  as  if  it  were  the 
cylinder  of  a  simple  engine,  and  then  taking  their  sum.  It  is, 
however,  easier  to  reduce  all  the  pressures  to  the  area  of  the 
low-pressure  cylinder.  This  is  done  by  dividing  the  M.  E.  P. 
of  each  cylinder  by  the  ratio  between  the  volume  of  the  low- 
pressure  cylinder  and  the  volume  of  the  cylinder  considered. 
In  the  present  case,  the  M.  K.  P.  of  the  high-pressure  cylinder 
is  80.5.  The  volume  of  the  low-pressure  cylinder  is  fi.25  times 
that  of  the  high-pressure  cylinder,  or.  what  is  the  same  thing, 
the  area  of  the  low-pressure  piston  is  G^  times  that  of  the 
high-pressure  piston.  Therefore,  to  produce  the  same  work, 
the  M.  E.  P.,  when  acting  in  the  low-pressure  cylinder,  must 


The 


be  —~-=  of  what  it  was  in  the  high-pressure  cylinder. 
6.25 

M.  £.  P.  of  the  small  cylinder,  reduced  to  the  area  of  the 
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low-pressure  cylinder,  is,  therefore. 


80.5 
6.25 


=    12.88  pounds. 


I.  H.  P. 


Likewise,  the  M.  E.  P.  of  the  intermediate,  reduced  to  the 
low-pressure  cylinder,  is  --'_    =  15  pounds.     The  M.  E.  P. 

of  the  low-pressure  cylinder,  of  course,  remains  the  same. 
The  total  M.  E.  P.,  reduced  to  the  low-pressure  cylinder,  is, 
therefore,  12.88  +  15  +  16.12  =  44  pounds.  Now,  substitu- 
ting this  M.  E.  P.,  the  area  of  the  low-pressure  cylinder,  the 
length  of  stroke  and  revolutions  per  minute,  in  the  horse- 
power formula. 

PLAN  ^  44  X  40  X  40*  X  .7854  X  120x2 
33,000  "  12X33.000 

=  1.340.4  H.P. 

23.  Steam  Consumption  from  Componnd  Kniflne 
I>lafirrams. — When  it  is  desired  to  compute  the  approxi- 
mate steam  consumption  of  a  multiple-expansion  engine 
from  its  indicator  diagrams,  it  is  necessary  to  use  only  the  dia* 
gram  from  the  low-pressure  cylinder,  for  all  the  steam  used 
by  the  engine  nmst  pass  through  the  low-pressure  cylinder. 
And  since  the  greatest  amount  of  moisture  is  reevaporated 
into  steam  near  the  point  of  release  in  the  low-pressure 
cylinder,  the  most  reliable  results  are  obtained  by  using  the 
tow-pressure  diagram.  The  method  to  be  used  is  that 
explained  in  SUam-Engine  I-ndkators  and  Diagrams.  The 
value  of  Pm  the  formula,  however,  must  be  the  total  M.  E.  P. 
of  the  engine,  reduced  to  its  equivalent,  acting  on  the  area 
of  the  low-pressure  piston. 


^ 
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CONDENSERS 

24.     It  has  been  shown  that  the  efficiency  oi  the  ideal 
may   be    increased    by  either   raising    the 


T  —  T 
engine,  — ^        ' 


temperature  T,  or  by  lowering  the  temperature  7",.  7\  in 
the  steam  engine  may  be  raised  by  increasing  the  boiler 
pressure;  T,  may  be  lowered  by  using  a  condenser.  In 
non-condensing  engines,  the  steam  is  exhausted  into  the 
atmosphere,  and  therefore  the  exhaust  steam  must  have  at 
least  the  pressure  of  the  atmosphere;  in  practice,  the  back 
pressure  of  steam  in  a  non-condensing  engine  is  scarcely 
ever  less  than  16  pounds  above  vacuum,  and  is  ottener  17 
pounds  or  more.  In  good  condensing  engines,  the  back 
pressure  is  often  as  low  as  2  pounds  above  vacuum. 

25.  Suppose  that  the  boiler  pressure  of  the  steam  is 
80  pounds  absolute,  the  temperature  correspcmding  to  this 
pressure  is,  from  the  Steam  Table,  311.8''  F.,  and  the  abso- 
lute temperature  is,  therefore.  460*^ -H  311.8°  =  771.8°  F. 
The  absolute  temperature  corresponding  to  a  pressure  of 
17  pounds  is  460°  +  219.4°  =  679.4°  F.,  and  corresponding 
to  a  pressure  of  3  pounds  is  460°  +  141.6°  =  601. fl°  F.  The 
efficiency  of  the  ideal  engine,  working  between  these  tem- 

r,  -  T,  ^  771.8  -  679.4 
r,  771.8 

=  12  per  cent.,  nearly;  if  condensing  at  an  exhaust  pressure  of 

7*         7*  771  H ftni  fl 

3  pounds  absolute,  the  efficiency  is     '     — '  =  ^;^7^ — ~ 

=  22  per  cent. 

26.  The  increase  of  economy  by  the  use  of  the  condenser 
may  be  shown  in  another  manner.  Let  A  BC D E F,  Fig.  18, 
be  an  indicator  diagram  from  a  non-condensing  engine. 
M N\^  the  atmospheric  line  and  OX  the  vacuum  line.  The 
back  pressure,  as  shown  by  the  diagram,  is  OS.     The  area 

173—33 


peratures,    if    non-condensing,    is 
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of  the  diagram  represents  to  some  scale  the  work  done  pw 
stroke.  Now  let  a  condenser  be  attached  to  the  engine, 
The  back  pressure  will  be  lowered  to  O  7",  the  line  HK, 
instead  of  /?£",  now  being  the  lower  line  of  the  diagram,  and 
A  li  C H K L  will  be  the  new  diagram,  its  area,  as  before, 
representing  the  work  done  per  stroke.  Hence,  by  adding  a 
condenser  to  the  engine*  the  work  per  stroke  has  been 
increased  by  an  amount  represented  by  the  area  FEDH KL 
the  steam  consumption  remaining  the  same.  Suppose  the 
steam  to  be  cut  off  at  a  point  /*,  making  the  area  of  the 
diagram,  A  PGH K L^  equal    to  the    area   of    the  orisinal 

B P _A. 


/ 


^^ 


-J.t 


Fin.  \is 

diagram,  ABCDEF.  Then  the  work  per  stroke  is  the 
same  in  both  engines,  but  tlie  condensing  engine  uses  an 
amoimt  of  steam  per  stroke  represented  by  the  length  AP, 
while  the  non-condensing  engine  uses  an  amount  represented 
by  A  B.     Either  case  shows  the  economy  of  the  condenser.  A 

27.     Types  of  ConcIenHers. — There  are   two   types  of 
condensers  in  general  use— the  «urfttce  comleuser  and  the    , 
Jet  condenser.     In  the  fonner,  the  exhaust  steam  comes  in  ■ 
contact  with  a  large  area  of  metallic  surface  which  is  kept 
cool  by  contact  with  cold  water.     In  the  latter,  the  exhaust 
steam,  on  entering  the  condenser,  comes  in  contact  with  a  ■ 
jet  of  cold  water.     In  either  case,  the  entering  steam  is  con- 
densed to  water,  and  in  consequence  a  partial   vacuum  is 
formed.     If  a  sufficient  amount  of  cold  water  were  used,  the 
steam  on  entering  would  instantly  condense  and  a  practically 
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perfect  vacuum  would  be  obtained,  were  it  not  for  the  fact 
that  the  feedwaler  of  the  boiler  always  contains  a  small 
quantity  of  air»  which  passes  with  the  exhaust  steam  into  the 
condenser  and  therefore  partially  destroys  the  vacuum.  To 
get  rid  of  this  air,  the  condenser  is  fitted  with  an  air  pump, 
which  pumps  out  both  the  air  and  the  water  formed  by 
condensation. 

28.  The  Surfnce  Condenser. ^Fig.  19  is  a  perspective 
view  of  a  Wheeler  surface  condenser;  Fig.  20  is  a  sectional 
view  of  it.  The  cold  condensing  water  is  drawn  from  some 
water   supply   through   m,    and   forced    by   the   circulating 


C^ 


-iT^yiC 
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pump  q  into  the  inlet  c  of  the  condenser.  From  f,  the  water 
is  forced  to  the  chamber  /,  and  flows,  as  indicated  by  the 
arrows,  through  the  inner  tubes  of  the  lower  layer  of  double 
tubing  to  the  left,  and  having  passed  through  their  entire 
length  it  returns  through  the  space  between  the  outside  of 
the  inner  and  the  inside  of  the  outer  tubes  into  the  chamber^. 
Fig.  21  shows  more  clearly  the  arrangement  of  this  double 
tubing.  From  .r,  Fig.  20,  it  passes  through  e  to  h,  and  from 
h  to  /  through  the  upper  layer  of  double  tubing,  as  already 
explained.  From  i,  it  is  discharged  through  the  nozzle  rf, 
Fig.  10,  carrying  with  it  all  the  heat  it  has  received  by 
coming  in  cuutacl  wilb  the  two  layers  of  double  tubing. 


Pio.  21 

the  condenser  cylinder  y  by  the  action  of  the  air  pump,  thus 
sucking  the  condensed  steam  from  the  engine  cylinder  into 
the  condenser  cylinder. 

As   the   exhaust    steam    enters    the    condenser   cylinder 
through  a,   it    first    comes    in   contact  with    the  perforated 
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scattering;  plate  /,  which  protects  the  upper  tubing  from  the 
damagfing  effect  of  direct  contact  with  the  exhaust  steam. 
The  steam  comes  in  contact  with  the  cold  tubes,  through 
which  the  cold  water  is  being  pumped,  and  condenses.  As 
soon  as  this  occurs,  the  cuudensed  exhaust  steam  collects  at 
the  bottom  of  the  condenser  cylinder 
and  runs  through  b  into  the  air-pump 
cylinder,  from  which  it  is  discharged, 
while  still  quite  hot,  and  made  nse  of 
as  boiler  feedwater.  The  temperature 
of  this  condensed  exhaust  steam  will 
be  less  as  the  vacuum  in  the  condenser 
cylinder  is  more  complete.  The  advan- 
tage of  making  use  of  this  condensed 
exhaust  steam  as  boiler  feedwater  will 
be  seen  when  it  is  remembered  that  it 
has  a  higher  temperature  than  the  ordi- 
nary feedwater,  and  will  therefore 
require  less  fuel  to  reconvert  it  into 
steam. 

In  this  condenser,  the  circulating  and 
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air  pumps  are  run  by  an  independent  steam  cylinder  p.  They 
are  often  connected  directly  to  the  main  engine,  and  have 
their  motion  imparted  to  them  by  some  of  its  moving  parts, 
generally  the  crank-shaft. 

29.     The    Jet    Coudent»er, — In    Fig.    22    is    shown    a 
section  of  a  Worthington  jet  condenser.     The  cold  water 
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enters  the  condenser  at  b,  beinfs  drawn  from  the  supply  by 
the  vacuum  in  the  condenser,  passes  down  the  spray  piper, 
and  is  broken  into  a  fine  spray  by  the  cone  d,  by  means  of 
which  the  amount  of  injection  water  is  also  resrulatcd.  The 
exhaust  steam  comes  in  at  a  and,  mingling  with  the  spray  of 
cold  water,  is  rapidly  condensed.  The  mixture  of  steam, 
water,  and  air  is  carried  with  a  high  velocity  through  the 
cone  /  into  the  pump  cylinder  ^,  whence  it  is  forced  by  the 
pump  through  the  discharge  pipe  j. 

The  jet  condenser  has  the  advantage  of  simplicity*  cheap- 
ness, lightness,  and  small  size;  but  the  discharge  water  from  it 
cannot  be  used  for  boiler  feed,  unless  the  injection  water  is 
itself  fit  to  be  so  used.  Where  the  injection  water  is  fit  to  be 
used  for  boiler  feed,  the  jet  condenser  is,  therefore,  preferable 
to  the  surface  condenser;  otherwise  the  latter  may  be  better. 

30.     In  Fig.  23  is  shown  a  jet  condenser  connected  to  an 
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engine.  The  exhaust  pipe  a  leads  directly  to  the  condenser. 
The  injection  pipe  b  conveys  water  from  the  reservoir  c. 
After  the  steam  is  condensed,  the  mixture  of  exhaust  steam 
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and  injection  water  is  discharged  throusfh  i/  into  the  sewer. 
A  portion  of  this  discharge,  however,  flows  through  e  to  the 
feed-pump^,  which  forces  it  through  the  coil  in  the  heater  / 
to  the  pipe  h  leading  to  the  boiler.  The  exhaust  from  the 
two  pumps  is  discharged  into  the  feedwater  heater  through 
Ihe  pipe  m.  It  will  be  noticed  that  water  from  the  discharge 
pipe  d  enters  the  feed-punip  under  a  slight  head.  This  is 
because  the  water  is  heated  by  the  exhaust  steam,  and  hot 
water  cannot  be  raised  by  a  pump  like  cold  water.  A  pipe  n 
leading  from  the  boiler  supplies  steam  for  both  pumps. 

31.  The  barometer  coliimn,  or  siphon  condenser, 

is  a  type  of  jet  condenser  that  differs  from  the  common  jet 
condenser  in  that  no  air  pump  is  required.  A  circulating 
pump  or  head  of  water  is  needed  to  supply  the  injection 
water  when  the  lift  is  more  than  20  feet.  The  vacuum  is 
produced  by  the  condensation  of  the  steam,  and  is  main- 
tained by  a  column  of  water  flowing  downwards  through  a 
vertical  pipe  of  not  less  than  34  feet  in  length,  having  its 
lower  end  immersed  in  the  water  of  the  hotwell,  into  which 
the  water  is  discharged. 

32.  An  illustration  and  a  description  of  an  example  of 
this  type  of  condenser  known  as  the  Baragwanath  condenser 
is  here  given. 

Fig.  24  represents  a  sectional  view,  in  which  a  is  the 
exhaust  pipe,  ^  the  injection  pipe,  d  the  long  discharge  pipe, 
or  tail-pipe,  and  e  the  hotwell.  The  steam  enters  through 
exhaust  pipe  a  and  flows  through  the  exhaust  nozzle  /  into 
the  condensing  chamber  g:  Here  it  is  met  and  condensed 
by  the  injection  water  that  enters  from  the  water-jacket  A 
into  the  condenser  in  a  thin  conical  sheet,  flowing  through 
the  annular  opening  between  the  exhaust  nozzle  f  and  the 
prolongation  of  the  shell  of  the  condenser  forming  the 
inverted  cone  /.  The  injection  water  and  water  of  condensa- 
tion flow  from  the  condensing  chamber  ^through  the  throaty 
with  such  velocity  as  to  carry  with  them  the  air  that  passes 
over  with  the  steam  and  the  injection  water,  and  the  uncon- 
densed  vapor.     A  vacuum  is  thus  fonncd  in  the  condensing 


be  set  so  as  to  admit  just  the 
right  quantity  of  injection 
water.  An  automatic  atmos- 
pheric relief  valve  /  is  fitted 
for  the  purpose  of  discharg- 
ing into  the  atmosphere  any 
excessive  amount  of  air. 
steam,  or  vapor  that  may 
accumulate  in  the  exhaust 
pipe.  A  hotwell  overflow  or 
J  discharge  pipe  tn  is  always 
connected  to  the  hotwell. 

33.  Comparative  Econ- 
omies.— The  important 
point  to  be  considered  as 
influencing  the  use  of  con- 
densers is  the  greater  econ- 
omy of  compound  condens- 
ing engines  as  compared  with 
ordinary  non-condensing 
engines.  The  higher  the  cost 
of  fuel  and  water,  the  greater 
will  be  the  inducement  lo  use 
condensing  engines;  but 
when  the  cost  of  fuel  is  low 
the  interest  on  the  cost  of  con- 
denser equipment,  pumping, 
maintenance,  and  attendance 
may  equal  the  value  of  fuel 
and  water  saved;  care  should  be  taken,  therefore,  that  this 
costly  apparatus  is  installed  only  under  conditions  likely  to 
render  its  use  justifiable  on  the  ground  of  economy.     The 
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real  gain  by  the  use  of  condensers  will  vary  according  to 
the  type  of  engines  used,  and  can  be  estimated  by  com- 
paring the  pounds  of  steam  per  hour  required  to  produce  a 
horsepower  with  a  condenser  with  the  amount  required  to 
produce  a  horsepower  without  a  condenser. 

Table  I  shows  the  pounds  of  steam  required  by  engines 
used  in  power  stations  under  actual  conditions.  This  table 
was  originally  prepared  by  the  late  Charles  E.  Emery,  and 
has  been  modified  according  to  recent  tests. 

TABLK   I 
6TBAM   CONSUMPTION    OF    VARIOUS    TTPK8   OF    ENGINES 


FeedwKtcr  par  ladJctttwl  HoTHpomr-Btmr 

^ 

Non-CoodeDSfns 

CvaQ,9Miate 

Type  ul  Bneine 
Name 

Prnlmhl)' 
Limit  H 
L'oamU 

Ansunicd 

(or 

Com- 

pxrUi'D 

Probable 
Limlls 
I'otuids 

Asiumed 
ror 

Com- 
parlBOD 

Simple  high-speed  .    .   . 

40  to  26 

33 

25  to  ig 

as 

33 

Simple  low-speed    .    .   . 

33  to  24 

89 

24  to  tS 

20 

3* 

Compound  high-speed  . 

30  to  32 

26 

34  to  16 

ao 

33 

Compound  low-speed    . 

35  to  1 3 

25 

ao  to  tsj 

18 

a8 

Triple  high-speed   .    .   . 

27  tU   31 

34 

33  to  14 

17 

29 

Triple  low-speed      .    .    . 

24  to  t 7 

ao 

18  to  ral 

'5 

as 

CONDENSER   CAr-CUIMTIONS 

34.  PrcBsuro  and  Tenn>ernture. — The  first  point  to 
be  decided  in  the  design  of  a  condenser,  is  the  de^ee  o£ 
vacuum  to  be  carried.  If  more  than  about  27  inches  of  vacuum 
is  called  for,  the  first  cost  of  the  condenser  is  very  much 
increased.  With  the  reciprocatinsr  engine,  no  practical  gain 
in  economy  is  to  be  expected  from  carrying  the  vacuum 
above  27  inches;  for  the  condensed  steam  will  then  have  a 
temperature  less  than  114°  F.,  which  is  rather  low  for 
economical  boiler  feeding.  Below  this  point,  any  heat 
extracted  by  tbc  condenser  will  have  to  be  replaced  before 
the  water  is  fed  to  the  boiler.     Hence,  a  lower  vacuum  than 
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27  inches  is  uneconomical  and  undesirable,  unless,  of  course, 
the  fcedwatcr  is  taken  from  some  other  source  than  the  coa- 
denscr,  or  is  warmed  by  heat  that  will  otherwise  go  to  waste. 
Even  in  such  cases,  it  is  doubtful  whether  the  gain  from  the 
high  vacuum  is  enough  to  justify  the  increased  cost  of  the 
condenser;  therefore,  a  condenser  for  a  reciprocating  engine 
would  probably  not  be  designed  to  carry  more  than  27  inches 
of  vacuum. 

On  the  other  hand,  the  economy  of  a  steam  turbine  is 
greatly  increased  by  exhausting  into  a  high  vacuum,  and  a 
condenser  for  a  steam  turbine  plant  would  therefore  be 
designed  for  from  28  to  28.5  inches  of  vacuum.  One  point 
to  be  remembered  in  connection  with  the  vacuum  is  that  the 
temperature  of  the  condensed  steam  discharged  from  the 
condenser  is  dependent  on  the  pressure  in  the  condenser. 
This  temperature  cannot  be  higher  than  that  of  saturated 
steam  at  the  pressure  in  the  condenser.  The  pressure  in 
the  vacuum  chamber  of  a  condenser  is  usually  measured  by 
a  vacuum  gauge,  which  resembles  a  steam  gauge,  but  which 
records  the  difference  of  pressure,  in  inches  of  mercury, 
between  the  inside  and  the  outside  of  the  condenser.  When 
the  reading  of  the  vacuum  gauge  is  given  in  inches  of 
mercury,  the  absolute  pressure  in  the  condenser  may  be 
found  by  the  formula 

A  =  H.7X  (30 -r) 
^  30 

in  which  ^  =  absolute  pressure  in  condenser^  in  pounds  pe" 
square  inch; 
r  =  reading  of  vacuum  gauge,  in  inches  of  mercury. 

When  the  absolute  pressure  of  the  steam  in  the  condenser 
is  known,  the  corresponding  temperature  can  be  found  from 
the  Steam  Table. 

KxAM^'t.K. — Hind  the  }ii^hest  possible  temperature  of  condensed 
steam  fruin  a  coodenscr  carrying  a  vacuum  of  I'fl  inches. 

Solution.— ApplyioR    the    above    formula,   p    =   — = ^ '- 

=  1.9C  II).  per  K(].   in.     From  thu  Steam  Table,  the    temperatare  of 
saturated  steam  at  1.9(!  pounds  i>er  square  it]ch  absolute  is  125. S**  F., 
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and  this  wilt  be  the  highest  temperatarc  at  which  It  wUI  be  possible  to 
take  the  condensed  steam  from  the  condenser  and  carry  a  vacuum 
of  'Jti  in.    Ads. 


JET   CONDENABRS 

35.     Amount  of   CooHum;   Water   Required, — The 

vacuum  to  be  carried  havinji  been  decided  on.  the  next 
point  to  be  determined,  in  the  design  of  a  jet  condenser,  is 
the  quantity  of  cooling  water  required.  This  may  be  found 
by  the  formula 

ia  wiiich  Q  =  number  of  pounds  of  cooling  water  required 
to  condense  1  pound  of  steam; 
//  =  total  heat  above  112°  of  1  pound  of  steam  at 
pressure  at  release; 
/  =  temperature  of  mixture  of  cooling  water  and 
condensed  steam  on  leaving  the  condenser; 
it  =  temperature  of  cooling  water  on  entering  the 
condenser. 

Example.— Steam  is  exhausted  into  a  jet  condenser  from  ao  engine 
cylioder  at  a  pressure  of  10  pounds  absolute;  the  temperature  of  the 
cooling  water  on  entering  is  iSt)"  F.,  and  on  leaving  HO**  F.  How 
much  cooling  water  is  required  per  pound  of  steam? 

SoT.fTioN.— The  total  heat  above  32°  of  1  lb.  of  steam   at   10  lb. 
absdiutc,   from  the    Steam  Table,  is  1,I4<).H  B.  T.  U-      Then,  substi- 
tuting the  valutas  of  //,  /.  and  /.  in  the  above  formula, 
1.140.9-  {UQ-  32)       1.032.9 


Q  = 


12.01  lb.    Ans. 


140-60  80 

36.  8lze  aiul  Bhape  of  Condenser. — The  capacity  of 
the  condenser,  that  is,  the  volume  of  the  chamber  /,  Fig.  22, 
should  next  be  decided.  If  this  is  too  small,  there  is  danger 
that  water  will  be  thrown  over  to  the  engine  cylinder,  and  it 
requires  great  care  and  watchfulness  on  the  part  of  the 
attendant  to  prevent  this;  while,  if  the  capacity  is  too  large, 
it  will  take  the  air  pump  too  long  to  create  a  vacuum.  In 
practice,  as  a  working  compromise,  the  capacity  is  usually 
made  from  about  one-fourth  to  one-half  the  volume  of  the 
cylinder  that  exhausts  into  the  condenser.    An  average  of 
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practice  will  probably  be  about  one-third  the  volume  of  the 
cylinder.  The  smaller  the  cylinder  and  the  higher  the  speed 
of  the  enirine>  the  e:reatcr  should  be  the  ratio  of  condenser 
capacity  to  cyUndcr  volume. 

The  necessary  capacity  can  be  put  into  any  form  that  is 
convenient  and  desirable.  Fig.  22  shows  a  common  form; 
but  jet  condensers  have  been  built  in  a  great  variety  of 
forms  to  suit  a  ?reat  variety  of  circumstances.  xVbout  the 
only  points  to  consider  in  designing  the  form  are  that  the 
inlet  for  exhaust  steam  is  kept  well  above  the  point  where 
the  injection  water  discharges  into  the  condenser,  so  as  ■ 
to  minimize  the  danger  of  flooding  the  cylinder,  and  thai 
the  shape  of  the  bottom  will  permit  the  water  to  drain  away 
freely  to  the  air-pump  suction. 


37.  Velocity  of  Flow  of  Injection  Water.— The 
velocity  with  which  the  water  flows  to  the  condenser  should 
next  be  determined. 

Let  H  =  head  at  condenser,  in  feet; 

A  =  height,  in  feet,  to  which  condenser  must  lift 
injection  water,  which,  in  a  condenser  of  the 
type  shown  in  Fig.  22.  ts  the  vertical  distance 
from  the  mouth  of  the  internal  pipe  d  to  the 
level  of  the  surface  of  the  injection  walcr 
supply; 
p  =  absolute  pressure  in  condenser,  in  pounds  per 

square  inch; 
r  =  vacuum  in  condenser,  in  inches  of  mercury; 
y  =:  velocity  of  flow  of  injection  water^  in  feet  per 
second. 

Then,  as  in  Art.  34,  ;>  =  iil><^°^^  (1) 

The  difference  of  pressures  inside  and  outside  the  con* 
denser  is  therefore  11.7  —fi  pounds,  which  is  equivalent  to 
a  head  of  water  of  2.304  (14.7  —  p)  feet,  since  each  pound 
of  pressure  is  represented  by  a  column  of  water  2.304  feel  in 
height.  This  would  be  the  head  of  the  coudenser  provided 
that  the  water  supply  was  at  the  same  level  as  the  mouth  of 
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the  pipe  rf,  Fig.  22.  But  if  the  water  supply  is  lower,  so 
that  it  must  be  lifted  tbroush  a  height  k,  in  feet,  the  bead  will 
be  decreased  by  that  amount;  su  that 

y/=  2.304  (14.7 -;»  -h  (2) 

If  the  condenser  is  beluw  the  water  level,  the  value  of  h 
becomes    negative.      According    to  Kinetics   of  Fluids,    the 
velocity  of  flow  of  water  under  a  head  of  H  feet  is 
K=  V2^  =  8.02V^  (3) 

Example  I.— Find  the  theoretical  velocity  of  8ow  into  a  condenser 
vhere  A  is  4  feet  and  the  vacuum  is  27  inches. 

1-1.7  X  (30-27) 


SoLuno>'. — Applying  formula  1,  p 


SO 


=  1.47  lb. 


per  »q.  in.  Then,  applying  formula  2,  ^  =  2.3W  {14.7  -  1.47)  -  4 
~  2GAS  ft.  From  formula  :j,  then,  r  =  H.02V26^  =  41.3  ft. 
per  sec.     Ans. 

Example  2. — Finti  the  theoretical  velocity  of  flow  into  a  condenser 
carrying  27  inches  at  vacuunij  Ihe  point  of  tlischurge  into  the  con- 
denser being  11  feet  t>elow  the  water  line. 

Solution. —  /  =  1.47  lb.  per  sq.  in.,  as  before.  Applying  for- 
mula 2,  //  -  :;.304  (14.7  -  1.47)  -  (-  11)  =  41.48.  Then,  from 
formula  3,  T  =  8.02^41.48  «  51.65  ft.  per  sec.    Ans. 

38.  The  real  velocity  of  flow  of  the  water  into  the  con- 
denser will  never  be  as  great  as  just  calculated,  because  of 
the  resistance  of  the  piping  through  which  the  water  has  to 
flow  to  reach  the  condenser.  It  is  not  necessary  to  know 
this  diminution  of  velocity  exactly,  provided  that  a  sufficiently 
great  allowance  is  made  for  it.  It  is  common  practice  to 
assume  that  the  resistance  of  the  piping  will  diminish  the 
velocity  to  one-half  its  theoretical  value,  as  calculated  above, 
and  this  rule  may  be  followed. 

The  velocity  of  flow  into  the  condenser  determines  the 
necessary  area  of  the  injection  orifice,  because  area  of  orifice 
X  velocity  of  flow  =  volume  of  water  passed  through  orifice 
in  unit  of  time. 

Let  W  =  area  of  orifice,  in  square  feet; 

l/"  —  calculated  or  theoretical  velocity  of  flow  of  water, 

in  feet  per  second; 
Q  =  number  of  pounds  of  injectioo  water  required 
per  hour. 
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Then.  ^  V  represents  the  number  of  cubic  feet  flowing  per 
second,  which  is  equivalent  to  62.6  A  K  pounds  per  secuad, 
or  3,C00  X  62.5  A  V  pounds  per  hour.     Hence,  Q  =  3.fl00 

X  62.5  AV.ov  AV^ ^ 


3«600  X  62.5 
Assuming   one-half   the   calculated   velocity   as   Ihe  real 

velocity  of  the  water.  ^^  =  sieOO^gO'  ^'''""'" 
.^  ^  .OOOOOSOg  ^^j 

In  the  case  of  a  circular  orifice^ 

Let  d  =  diameter  of  injection  orifice,  in  inches. 

Then  -'-      =  144  W,  whence 
4 

d  -  13,51  V^  (2) 

The  nearest  size  of  standard  pipe  should  be  used. 

In  a  case  like  that  shown  in  Fig.  22.  this  size  of  pipe 
should  he  used  for  the  internal  injection  pipe  c,  and  the 
inside  diameter  of  b  should  be  made  equal  to  Ihe  outside 
diameter  of  r. 

The  stem  of  the  cone  d  should  be  given  thread  enough  to 
open  an  area  for  the  flow  of  water  between  the  cone  and  the 
internal  injection  pipe  equal  to  the  cross-sectional  area  of 
the  pipe  b. 

Let  o  =  maximum  opening  of  the  cone  d. 

Th^xxizdo  —  '*     .whence 

"  =  i  <3) 

The  diHmeter  of  the  exhaust  nozzle  a  is  that  of  the  exhaust 
pipe  of  the  engine. 

StURFACK    CONTJENSERS 

39.  In  the  surface  condenser,  the  exhaust  steam  and  the 
injection  water  are  kept  separate  throughout  their  course 
thniush  the  condenser;  and  the  condensed  steam  leaves  the 
condenser  as  fresh  water,  free  from  the  mipurities  contained 
in  the  injection  water.     The  water  of  condensation   from  a 
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surface  condenser  is  therefore  fit  to  be  used  as  boiler  feed, 
regardless  of  the  quality  of  the  water  used  to  condense  it. 
It  is  for  this  reason  that  the  surface  condenser,  in  spite  of  its 
greater  complication,  cost,  size,  and  weight,  as  compared 
with  the  jet  condenser,  is  used  instead  of  the  latter  where  the 
supply  of  injection  water  is  imfit  for  use  as  boiler  feed. 
Thus  the  surface  condenser  is  used  altogether  in  marine 
work,  except  for  vessels  navigating  clean  fresh  water  like 
that  of  the  Great  Lakes,  in  order  to  avoid  the  use  of  sea- 
water  in  the  boilers. 


40.  The  vacuum  to  be  carried  being  known,  the  next 
point  to  decide,  in  the  design  of  the  surface  condenser,  is 
whether  the  steam  shall  be  outside  and  the  water  inside  the 
tubes,  or  ihe  reverse.  While  each  method  presents  some 
advantages,  the  balance  is  in  favor  of  putting  the  steam  out- 
side and  the  water  inside.  This  method  is  the  common  prac- 
tice and  may  be  followed  in  almost  all  cases.  About  the  only 
exception  is  where  every  effort  must  be  made  to  keep  the 
engine  room  as  cool  as  possible.  In  this  case,  the  cold  injec- 
tion water  against  the  outer  shell  tends  to  keep  the  room  cool, 
and  the  water  may  well  be  put  outside  and  the  steam  inside. 

If  the  water  is  inside  the  tubes,  it  should  enter  at  the  bot- 
tom of  the  condenser  and  be  discharged  at  the  top.  This 
brings  the  coldest  water  into  contact  with  the  partially  con- 
densed steam,  and  the  warmest  water  into  contact  with  the 
hot  entering  steam.  When  the  water  is  outside  the  tubes,  it 
is  necessary  to  fit  baffle  plates  on  the  water  side  to  force  the 
water  into  a  definite  and  regular  circulation,  and  to  prevent 
it  from  going  directly  from  inlet  to  outlet;  also  to  prevent 
the  water  from  arranging  itself  in  layers  according  to  tem- 
perature, with  the  coldest  water  on  the  bottom  and  the 
hottest  water  on  top.  The  outlet  should  be  well  above  the 
top  row  of  tubes,  A  solid  body  of  water  above  the  top  row 
of  tubes  is  thus  assured,  and  the  accumulation  of  a  stagnant 
body  of  hot  water  in  the  top  of  the  condenser  is  prevented  by 
its  being  continually  drawn  off  by  the  circulating  pump  and 
replaced  by  cooler  water  from  beneath. 
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Air  tends  tu  accumulate  in  the  top  of  the  waterside  of  a 
surface  condenser.  This  is  particularly  inconvenient  where 
the  water  is  inside  the  tubes,  as  the  air  fills  the  top  rows  of 
tubes  and  excludes  the  water,  destroying  their  value  as  cool- 
ing surfaces.  To  prevent  this,  an  air  valve  must  be  provided, 
-rts  high  up  on  the  water  side  as  possible,  in  all  surface  con- 
densers, by  which  tlie  air  can  be  drawn  off  whenever  it 
becomes  troublesome.  Drain  valves  and  pipes  should  be 
provided  at  the  bottom  of  both  the  air  and  the  water  side. 

41.  As  the  condensed  steam  from  the  surface  condenser 
is  generally  pumped  back  into  the  boiler  as  feedwater,  it  is 
desirable  to  have  it  as  hot  as  possible;  but  it  must  be 
remembered  that  it  is  impossible  to  get  the  feedwater  from 
the  condenser  at  a  higher  temperature  than  that  of  satiu-ated 
steam  at  the  absolute  pressure  existing  in  the  condenser. 

It  will  be  considerably  cooler  tlian  this  if,  after  being  con* 
densed,  it  is  allowed  to  lie  in  the  bottom  of  the  condenser 
and  give  up  its  heat  to  the  circulating  water.  The  heat 
thus  given  up  is  a  total  loss,  and  should  be  avoided  by 
connecting  the  air-pump  suction  to  the  lowest  point  of  the 
condenser  and  by  shaping  the  bottom  of  the  condenser  so 
that  the  water  will  drain  rapidly  into  the  air-pump  suction. 

42.  Amount     of     Coolliifr    Water     Royulred, — The 

amount  of  cooling  or  injection  water  required  in  the  case  of 
a  surface  condenser  may  be  found  by  the  formula 

in  which  Q  —  number  of  pounds  of  cooling  water  required 

to  condense  1  pound  of  steam; 
//  =*  total  heat  above  32°  of  1  pound  of  steara  at 

pressure  at  release; 
/  =  temperature   of  condensed  steam  on  leaving 

condenser; 
/,  •■  temperature    of    cooling  water    on    entering 

condenser; 
/.  »"  temperature    of    cooling    water    rjn    leaving 

condenser. 
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KxAUPLE. — Steam  exhausts  into  a  surface  condenser  from  aa 
engine  cylinder  at  a  pressure  of  H  poonds  absolute;  the  temperature 
o(  the  condensing  water  on  entering  is  Vj"  F..  and  on  leaving  it  is 
100**  F.;  the  temperature  of  the  condensed  steam  on  leaving  the  con- 
denser is  125*^  F.  How  many  pounds  of  cooling  water  are  required 
per  pound  of  slcam? 

Solution. — The  total  heat  of  I  lb.  of  steam  at  6  lb.  absolute,  from 
the  Steam  Table,  is  l,il3.<1.8  R.  T.  U.  Then,  substituting  the  values 
Qf  H^  t,  t,t  and  t,  in  the  above  formula 


Q  = 


1.133.8 -(125 -3:i) 
100 -6& 


^i^  -  23.13  lb.    Ana. 


^ 


43t     Coollnsr  Snrfnce. — It  must  now  be  decided  whether 

to  have  the  tubes  horizoatal,  vertica],  or  inclined.     The  cool- 
ing surface  is  most  efficient  when  the  tubes  are  horizontal,  and 
therefore  they  should  always  be  so  arranged,  except  when  the 
best  udlization  of  the  space  available  compels  a  departure  from 
this  practice.     The  amount  of  cooling  surface  required  can 
now  be  calculated.    The  following  formula,  known  as  Whlt- 
ham^s  formula,  is  most  commonly  used  for  this  purpose. 
Let   L  =  latent  heat,  in  B.  T.  U.,  of  saturated  steam  at  the 
temperature  T; 
S  =  cooling  surface,  in  square  feet; 
T  ^  temperature,  in  degrees  Fahrenheit,  of  saturated 
steam  at  absolute  pressure  existing  in  con- 
denser; 
t  as  mean   temperature,  in   degrees   Fahrenheit,  of 
condensing  water,  which  may  be  taken  as  the 
average  of  its  temperatures  on  entering  and 
leaving  condenser; 
W  =  total  number  of  pounds  of  steam  entering  con- 
denser per  hour. 


Then, 


,S'  = 


180  (r-o 

BxAUPLB. — Finil  the  cooling  surface  required  (or  the  surface  con- 
denser of  a  triple-expansion  engine  of  n,O0(>  ],  II.  P.,  total  steam  per 
hour,  (Hi.OOO  pounds;  vacuum,  2ft  inches  of  mercury;  injection  water 
raised  from  70°  F.  to  100*  F.  iti  the  condenser. 

SoLDTiOK. — From   the  formula  In  Art.  34,  p  =  -^ ^^r ' 

^  l.Oeib.    By  the  Steam  Table,  T=  leS.S"  P.  and  Z.  -^  1,028.8  B.T.U. 
J  74-34 
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'  -  ^^^-  =  Sft"'  p.,  and  H'  =  96,000  lb.    Therelorc.  subsUttitioein 

„         96.000  Xl.0a6.8  !,-«,        ^  ,         . 

^  *  180  X  1128.3 -»&)  "  ^'^  '*^-  "••  "*^*y-    ^^ 

44.  Tnbes.  — The  amount  of  cooling  surface  found  neces- 
sary by  the  above  formula  ishould  he  provided  in  the  tube 
surface  exclusively,  no  value  buing;  attached  to  the  surface  of 
the  tube-sheets.  The  tubes  are  always  of  brass.  When  the 
shell  of  the  condenser  is  of  cast  iron,  the  tubes  are  sometime 
tinned;  but  the  benefit  to  be  derived  from  tinning  is  not 
usually  worth  the  expense.  If  the  tubes  are  placed  verti* 
cally,  the  amount  of  cooling^  surface  iihould  be  at  least  one- 
third  greater  than  that  calculated  by  the  formula  in  Art.  43. 
Where  the  tubes  are  screwed  into  the  tube-sheets,  or  are 
otherwise  tightly  held  m  the  tube-sheets,  their  unsupported 
length  should  not  be  more  than  120  times  the  external 
diameter  of  the  tubes.  Where  the  ends  are  not  tightly  held, 
but  are  merely  in  stuf!ingboxes,  the  unsupported  length  of 
the  tubes  should  not  be  more  than  100  times  their  externa! 
diameter.  If  it  is  necessary  to  put  the  tube  plates  farther 
apart  tlian  this,  the  tubes  must  be  supported  at  intermediate 
points,  so  as  to  keep  the  unsupported  length  down  to  the 
allowable  maximum. 

If  the  water  circulates  inside  the  tubes,  the  arrangement 
of  tubes  must  be  such  tliat  no  injection  water  can  escape 
from  the  condenser  without  passing  through  about  20  feet 
of  tubing,  while  its  velocity  of  flow  through  the  tubes  should 
not  exceed  abuiit  400  feet  i>cr  minute,  as  it  will  not  become 
so  heated  that  the  minimum  water  supply  will  suffice  if  it 
goes  through  at  a  greater  speed.  The  selection  of  an  appro- 
priate diameter,  thickness,  and  length  of  tube  must  be  ni 
by  trial. 

46.  Tube  Fastciilii|EC»!i. — The  method  of  securing  the 
tube  ends  in  the  tube-sheet  must  next  be  decided.  Expanding 
the  tubes,  as  in  the  case  of  boiler  tubes,  has  been  tried,  but 
has  proved  a  failure  and  has  beets  abandoned,  because  both 
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the  tubes  and  the  tube  plates  are  too  soft  to  stand  such  treat- 
ment. The  tubes  are  sometimes  provided  with  a  raised  thread 
on  at  least  one  end^  which  end  is  screwed  into  the  tube-sheet; 
but  the  usual  method  is  to  pack  the  tube  ends  in  some  way. 

About  the  cheapest  way  o£  packing  the  lube  ends  is  to  drill 
the  tube  holes  from  W  to  i  inch  larger  in  diameter  than  the 
outside  diameter  of  the  tubes.  In  each  hole  is  fitted,  about 
the  tube  end,  a  ferrule  or  ring  of  very  dry  soft  wood,  of  an 
easy  driving  fit.  The  ferrules  need  not  project  more  than 
i  inch  beyond  the  face  of  the  tube  plate  on  each  side.  When 
wet,  the  ferrules  swell  and  pack  the  tube  ends  very  tightly. 
If  the  condenser  is  allowed  to  stand  dry  for  a  considerable 
time,  the  ferrules  are  apt  to  shrink  and  come  out  of  the  holes^ 
This  is  the  principal  objection  to  their  use.  Generally,  a 
method  that  packs  each  tube  separately  is  to  be  preferred  to 
one  that  does  not. 

The  method  of  tube  packing  employed  determines  the 
spacing  of  the  tubes.  With  wooden  ferrules,  the  pitch  of 
the  tubes,  that  is,  the  distance  from  the  center  of  one  tube 
to  the  center  of  the  next,  must  be  from  i:'^^  to  3  inch  greater 
than  the  outside  diameter  of  the  tubes.  With  screwed  glands, 
the  tubes  can  be  set  closer,  the  pitch  being  from  i^r  to  -^  inch 
greater  than  the  outside  diameter  of  the  tubes.  The  usual 
arrangement  of  the  tubes  is  in  rows  that  make  an  angle  of 
GC  with  each  other,  as  this  is  the  most  economical  of  space. 

46.  CondeiiBer  Shell. — The  form  of  the  condenser  must 
next  be  decided.  While  the  surface  condenser  does  not  lend 
itself  so  readily  as  the  jet  condenser  to  any  desired  form, 
many  forms  have  come  into  use.  The  most  common  forms 
of  the  surface  condenser  are  rectangular  and  cylindrical. 
The  latter  form  is  the  lightest  and  also  the  cheapest,  in  con- 
sequence of  the  ease  of  manufacture  of  circular  forms;  but 
where  it  is  necessary  to  save  space,  the  rectangular  form  has 
the  advantage.  As  soon  as  the  diameter  and  spacing  of  the 
tubes  and  the  form  of  the  condenser  have  been  determined, 
the  necessary  size  of  the  condenser  shell  can  be  worked  out 
on  the  drawing  board  by  laying  out  the  required  number  ot 
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tubes  at  the  necessary  pitch  and  enclosings  theni  by  a  perim- 
eter of  the  desired  form.  The  perimeter  thus  found  shows 
the  necessary  cross-section  of  the  condenser.  Very  little 
clearance  need  be  allowed  between  the  outer  tubes  and  the 
condenser  shell.  If  necessary,  the  outer  tubes  may  have 
their  centers  no  farther  from  the  shell  than  the  pitch  of  the 
tul>es. 

The  shell  may  be  either  of  cast  iron  or  of  brass.  Cast  iron 
is  cheap  and  answers  the  purpose;  but  it  is  more  subject  to 
corrosion  than  brass,  and  so  has  to  be  thicker  and  heavier. 
\Vhere  economy  in  weight  is  important,  brass  shells  arc 
generally  used.  A  brass  shell  may  be  either  cast  or  made 
of  brass  sheets  rolled  to  shape  and  riveted  and  brazed » 
together.  Wrought  iron  and  steel  should  be  altogether 
excluded  from  the  condenser  structure,  because  they  cor- 
rode too  rapidly. 

47.  Tube  Plates. — The  plates  in  which  the  ends  of  the 
tubes  are 'held  should  be  of  brass,  which  may  be  either  cast 
or  rolled,  the  latter  being  the  tougher  and  stronger.  With 
wooden  ferrules,  or  any  other  kind  of  packing  that  extends 
clear  through  the  plaie,  the  plate  should  be  1.625  times  the 
outside  diameter  of  the  tube  in  thickness. 

When  the  tube  plate  is  of  large  area,  it  should  be  sup- 
ported by  brass  or  bronze  slays  running  through  the  water- 
way to  the  adjacent  head,  to  which  the  tube  plate  is  tied. 
The  stays  do  not  pass  through  the  air  side  of  the  condenser. 
The  total  cross-sectional  area  of  the  stays  should  be  suffi- 
cient to  carry  the  total  load  on  the  tube  plate,  which  should 
be  calculated  as  that  due  to  the  difference  between  the  pres- 
sure of  tbe  head  of  water  on  the  water  side  and  the  vacuam 
on  the  air  side,  with  a  factor  of  safety  of  about  6.  The 
stays  should  be  so  distributed  over  the  tube  plate  that  each 
will  support  an  area  proportiona]  to  its  own  cross-section. 


i 


§36    COMPOUND  AND  CONDENSING  ENGINES      56 


COOLING   TOTTEnS 

48.  The  coolliiflf  tower  is  a  device  used  to  lower 
the  temperature  of  the  injection  water  after  it  leaves 
the  condenser,  so  as  to  allow  the  water  to  be  used  ag^ajn 
and  again  for  condensing  purposes.  It  is  so  built  as  to 
divide  the  warm  discharge  from  the  condenser  into  a  great 
number  of  thin  sheets,  or  into  sprays,  thus  exposing 
a  very  large  amount  of  surface  to  the  air^  which  does  the 
cooling. 

The  cooling  effect  of  the  air  is  twofold.  In  the  first  place, 
it  absorbs  some  of  the  heat  from  the  water  during  their  close 
contact  with  each  other  and  the  temperature  of  the  water 
decreases  while  that  of  the  air  increases.  In  the  second 
place,  the  air  has  an  evaporative  effect  on  the  warm  water, 
carrying  a  portion  of  it  away  in  the  form  of  vapor.  The 
heat  required  to  cause  this  evaporation  comes  from  the 
warm  water,  and  its  temperature  is  thus  lowered. 

The  mechanical  subdivision  and  distribution  of  the  water 
for  cooling  is  obtained  by  different  methods;  as  by  passing 
it  over  suspended  galvanized-wire  mats;  over  many  courses 
of  thin  vertical  boards  laid  up  Uke  cribwork;  or  over  many 
series  of  thin  pipes.  The  amount  of  heat  extracted  from  the 
water  in  passing  through  the  cooling  lower  will  vary  accord- 
ing to  the  atmospheric  temperature,  the  surface  of  water 
exposed,  and  the  volume  and  velocity  of  the  air  passing 
through  the  tower;  the  reduction  in  temperature  will  be  from 
30°  to  45°  F.,  and  sometimes  even  more.  It  will  be  neces- 
sary to  add  from  time  to  time  a  sufficient  amount  of  fresh 
water  to  replace  the  loss  caused  by  evaporation.  It  will 
thus  be  seen  that  a  plant  can  operate  in  almost  entire  inde- 
pendence of  a  city  water  supply.  With  any  cooling  tower, 
where  the  feedwater  for  the  boilers  is  taken  from  that  circu- 
lating through  the  tower,  it  will  be  necessary  to  utilize  an  oil 
extractor  to  remove  the  oil  before  the  water  is  pumped  into 
the  boilers. 

The  following  table  shows  the  loss  of  water  due  to  evapo- 
ration, the  fall  of  temperature  obtained,  etc. 


.il_iJ 
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TABLE  U 

RESULTS    OF    TESTS    ON    COOLING    TOWERS 


Fir«t 

Second 

Third 

Ponrth 

Teat 

Teat 

Test 

Test 

Temperature  of  air  entering  tower, 

54- 70 

85.70 

84.60 

87.00 

Atmospheric  humidity,  per  cent.    .    . 

37- 50 

51.00 

63.00 

42.btj 

Temperature   of   water  delivered  to 

tower  in  degrees  Fahrenheit    .   .   . 

134-50 

135.20 

136.40 

135.25 

Temperature  of  water  leaving  tower, 

94.90 

104.20 

101.60 

90.75 

Number  of  degrees  Fahrenheit  water 

39.60 

31.00 

34-So 

44.50 

Pounds  of  water  supplied  to  tower    . 

12,531 

12,508 

10,713 

6,304 

Pounds  of  water  lost  by  evaporation 

white  passing  through  tower    .   .    , 

424 

363 

341 

263 

49.  Air  Circulation. — Three  methods  for  obtaining 
air  circulation  through  cooling  towers  are  commonly  used: 

1.  The  air  is  forced  in  rapid  circulation  through 
the  tower  by  means  of  a  fan  blower,  which  discharges 
fresh  air  into  the  lower  part  of  the  tower,  whence  it  is 
deflected  upwards  through  the  fihn  or  spray  of  condensing 
water. 

2.  A  chimney  or  vertical  flue,  rising  from  60  to  100  feet 
above  the  cooling  compartment  of  the  tower,  creates  suffi- 
cient natural  draft  to  draw  a  large  volume  of  air  through  the 
cooling  compartment,  and  allows  the  vapor  from  the  cool- 
ing water  to  be  carried  ofT  from  the  top  of  the  chimney. 
This  type  of  tower  entirely  avoids  cost  for  daily  operation 
of  fans. 

3.  Where  the  ground  space  is  sufficient,  the  cooling  sur- 
face of  the  tower  is  distributed  over  a  larger  area,  allowing 
free  circulation  of  the  air  naturally  through  the  tower;  this 
also  avoids  the  use  of  any  mechanical  means  to  circulate  the 
air,  and  saves  the  cost  of  driving  fans. 

t50.     The  Worthlnprton  Coolliipr  Tower. — In  the  tower 

shown  in  Fig.  25,  known  as  the  Worthington  cooling  tower, 
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the  water  runs  over  the  inside  and  outside  surfaces  of  a  large 
number  of  cylindrical  tubular  tiles  c,  r',  c"  that  rest  on   a 

grating  d  supported  by  a 
brick  wall  e  extending 
around  the  tower  inside  the 
shell  a.  The  warm  dis- 
charge water  from  the  con- 
denser enters  the  tower 
through  the  pipe  /,  passes 
up  the  central  pipe  g^  and 
is  delivered  on  the  upper 
layer  of  tiling  and  over  the 
whole  cross-section  of  the 
tower  by  the  distributing 
device  h,  which  consists  of 
four  pipes,  radiating  from 
the  central  pipe  g,  which 
are  caused  to  revolve  about 
the  central  pipe  by  the  reac- 
—  tion  of  jets  of  water  issu- 
ing from  perforations  on 
one  side  of  each  pipe.  The 
water  thus  delivered 
spreads  over  the  outside 
and  inside  surfaces  of  the 
walls  of  the  tiling  and  pre- 
sents a  continuous  sheet  to 
the  action  of  the  air.  The 
air  is  circulated  by  the  fan  b, 
♦  driven  by  a  small  engine 
or  electric  motor.  The  air 
drawn  in  by  the  fan  is  de- 
flected upwards  by  the 
plate  /.  The  cooled  water 
collects  in  the  reservoir  /', 


fi 


^ 


from  which  it  is  drawn  off  through  the  pipe  }\  w  is  a  manhole 
to  give  access  for  inspection  or  repairs,  and  k  is  an  overflow 
pipe  from  the  reservoir. 


STEAM  TURBINES 

(PART  1) 


DESCRIPTION  OF  TURBINES 


Cr^ASSIFICATION  OF  TURBINES 

1.  General  Principles. — The  tiirl)Ine  is  a  machine  by 
which  the  energy  of  a  moving  fluid,  as  steam  or  water,  is 
transformed,  producing  rotary  motion.  The  rotating  part 
of  the  turbine  is  cylindrical  in  form,  comprising  a  shaft 
carrying  a  wheel,  to  which  are  fastened  blades,  also  called 
vanes  or  biukets,  against  which  the  moving  fluid  impinges. 
This  wheel,  known  as  a  turbine  wheels  is  enclosed  in  a  casing. 

The  energy  of  the  steam,  as  it  enters  a  steam  turbine,  may 
be  in  either  of  two  forms,  pressure  energy  or  velocity  energy. 
The  Telocity  encrgj-,  that  is,  the  kinetic  energy,  of  steam 
is  the  energy  that  it  possesses  on  account  of  its  velocity  and 
which  the  steam  gives  up  to  the  turbine  wheel,  causing  it  to 
rotate.  The  prensure  enepRj*  is  the  energy  that  is  given 
up  by  the  direct  pressure  of  the  steam  against  a  resistance 
as  the  steam  expands  and  does  work.  In  the  steam  engine, 
the  work  is  done  on  a  piston;  in  the  steam  turbine,  it  is  done 
by  steam  pressing  against  the  vanes  of  the  turbine  wheel. 
These  two  kinds  of  energy  furnish  a  basis  for  the  classifica- 
tion of  steam  turbines. 

2.  Clnssincatlon    of    Steam    Turbines.— There    are 

two  principal  classes  of  steam  turbines — velocity  turbines  and 
pressure  titrtfines.  The  distinction  between  these  two  classes 
tnay  be  shown  by  the  diagrammatic  sketches,  Figs.  1  and  2. 
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In  Fig.  1,  the  jet  of  steam  from  the  nozzle  ia  strikes  the 
buckets  of  the  turbine  wheel  b,  causing  the  wheel  to  rotate 
on  its  axis.     It  will  be  noticed  that  the  buckets  may  not  be 

entirely  filled  with 
steam  and  that  the 
steam  may  not  be 
delivered  to  the  en- 
tire circumference  of 
the  wheel  at  the  same 
instant.  Further- 
more, it  will  be  noted 
that  as  the  steam 
issues  from  a  nozzle 
into  the  chamber  of 
the  wheel  in  the  form 
of  a  jet  there  will  be 
no  pressure  change  in 
the  turbine  buckets.  The  jet  of  steam  necessarily  leaves 
the  nozzle  at  a  high  velocity  and  consequently  the  tur- 
bine wheel  turns  at  a  high  velocity.  Steam  turbines  of 
this  class  are  therefore  called  velocity  turbines. 

In  Fig.  2,  the  steam  enters  the  space  a,  flows  out  through 
the  guide  vanes  ^,  and  then  ^ 

through  the  vanes  of  the 
moving  wheel  c.  The  wheel  c 
is  thus  caused  to  rotate  in 
the  direction  of  the  arrow  d. 
In  this  type  of  wheel,  it  will 
be  observed  that  the  vanes 
run  full  of  steam,  and  that 
there  is  a  continual  fall  of 
pressure  from  the  entrance 
of  the  steam  until  it  leaves 
the  turbine  wheel.  Steam 
turbines  t) f  this  class  are 
called  iiressiiro  turbines. 
Fig.  2.  however,  is  introduced  simply  to  illustrate  the  prin- 
ciple ot   the   pressure   turbine.     In   the  actual   turbine,  the 
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£^ide  vanes  and  the  moving  blades  are  arranged  in  alternate 
circles  about  the  turbine  axis,  the  direction  of  the  flow  of  the 
steam  being  axial  instead  of  radial,  as  will  be  explained  later. 

Velocity  turbines  may  be  subdi\'ided  as  follows,  according 
to  the  number  of  stages  in  which  the  steam  is  expanded: 
(1)  Shtgle-sta^e  expansion  velocity  (itrbitifs,  in  which  all  the 
expansion  of  the  steam  takes  place  in  a  single  stage  in  one 
set  of  nozzles,  as  in  the  De  Laval  steam  turbine;  (2)  few- 
stage  expansion  vehriiy  turbines^  in  which  the  steam  is 
expanded  in  two,  three,  four,  or  five  stages,  as  in  the  Curtis 
steam  turbines;  (3)  multiple-stage  expansion  velocity  turbines^ 
in  which  the  steam  is  expanded  in  many  stages,  as  in  the 
Rateau  steam  turbines. 

The  pressure  type  of  steam  turbine  is  always  a  multiple- 
stage  expansion  turbine,  the  number  of  stages  reaching  Bfty 
to  one  hundred.  The  Parsons  steam  turbine  is  a  representa- 
tive of  this  class. 

In  referring  to  the  various  stages  of  expansion  in  a  turbine, 
it  is  customary  to  omit  the  term  "expansion"  and  speak  of 
the  single-stage  velocity  turbine  (instead  of  the  single-stage 
expansion  velocity  turbine);  the  few-stage  velocity  turbine; 
the  multiple-stage  velocity  turbine. 


3.  SlnKl<>-Stn|te  Velocity  Turbine. — The  diagram- 
nsatic  sketches,  Figs.  *A  to  6,  will  serve  to  explain  the  various 
steam  turbines  mentioned  in  the  above  classification.  Fig.  3 
represents  the  sliiel<^-HtAj):o  velocity  turbine.  The  steam 
at   a  pressure  /►,   is     , 

I  fk 
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admitted  to  a  nozzle 
shown  at  a,  in  which 
it  expands  to  the 
final  pressure  p^,  and 
th^n  passes  into  the 
chamber  where  the 
turbine  wheel  b  is  located.  The  drof>  from  the  boiler  pres- 
sure to  the  final  condenser  pressure  is  thus  obtained  in  one 
or  more  nozzles.  The  pressure  change  is  shown  in  the  dia- 
gram at  the  right  of  Fig.  3.     Tke  line  BC^  laid  off  from  OX 
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as  a  base  line,  shows  the  pressure  change  in  the  nozzle^ 
AB  representing  the  initial  pressure  pi  and  DC  the  final 
pressure  /,. 
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4,  Fow-StafiTO  Voloelty  Tiirblne. — ^The  few-»taire 
vuloflty  turlitue  is  shown  in  Fig.  4.  in  this  type,  the 
steara  expands  in  stages  through  the  nozzles  a,,  «,.  a,,  fixed  in 
ihe  partitions  #„  ^„  atid  b,;  there  may  be  as  many  as  four  or  ■ 
five  partitions.  As  there  are  only  a  few  expansions,  the  drop 
in  pressure  in  each  is  considerable,  and  ihe  steam  will  enier 
(he  wheel  chamber  at  a  relatively  high  velocity.  Instead  of 
using  the  velocity  energy  in  a  single  wheel,  as  in  Fig.  3,  two 
or  more  wheels  are  employed.  Thus,  the  steam  expands 
from  /,  to  /,  through  a.  and  passes  through  the  vanes  »,  on 

the  first  wheel  at  a 
"P"^  very  high  velocity. 
This  wheel  runs  at 
a  slower  speed  than 
would  be  the  case  if 
only  one  wheel  were 
used,  so  that  the 
steam  leaves  the 
wheel  with  consider- 
able  velocity.  The 
steam  then  passes 
through  a  set  of  6xed  guide  vanes  ^t  and  enters  the  vanes  it', 
on  another  wheel,  where  a  large  part  of  the  remainins: 
velocity  energy  is  given  up.  U  then  passes  through  the 
nozzle  a,  in  the  partition  b^,  expanding  to  the  pressure  /> 
and  increasing  its  velocity.  The  steam  next  passes  through 
the  wheel  vanes  u',^  the  guide  vanes  ^,,  ilie  wheel  vanes  »'., 
and  expands  through  the  nozzle  a,  to  the  pressure  fit  for  the 
next  stage. 

The  pressure  remains  constant  in  passing  through  the 
wheels,  all  the  expansion  taking  place  in  the  nozzles.  The 
pressure  changes  are  shown  in  the  diagram  at  the  right  of 
Fig.  4,  the  pressures  being  laid  off  on  lines  at  right  angles 
to  OX.  W  5  represents  the  initial  pressure,  i9C  the  expansion 
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from  pt  to  A.  ^  ^  and  Z>,  C,  the  constant  pressure  A  >"  the 
first  wheel  chamber,  FE  and  /^,  vT,  the  constant  pressure  /, 
in  the  second  wheel  chamber,  and  H G  the  pressure/,  in  the 
third  wheel  chamber. 

5.  Miiltl|ilc-8tu];re  Velot'lty  Turbine. — ^In  the  miil- 
tlx>le-HtuKe  VL'loelty  turbine  illustrated  by  the  diagram  in 
Fig.  5,  the  steam  passes  through  nozzles  a, ,«,,«„  etc.  in  the 
se veral    partitions, 


x^imuiu   ".    i 


U(H^(iTrr~^ 


Z3 


7" 


PlO    & 


which  divide  the  in- 
terior of  llie  turbine 
into  wheel  chambers, 
or  cells.  In  each  cell 
is  a  single  wheel  car- 
rying radial  buckets. 
In  passing  through 
the  first  nozzle,  a„  the 
steam  expands  from  the  pressure  /,  to  p„  acquiring  a  high 
velocity,  which  it  imparts  to  the  wheel  d,.  The  steam  then 
expands  from  ^,  to  p,  through  the  nozzle  a„  increasing  in 
velocity,  and  then  strikes  the  vanes  of  the  turbine  wheel  d,; 
and  so  on  through  the  other  stages.  There  being  a  large 
number   of   stages   in    turbines   of   this   type,  much   lower 

rotative  speeds  may 
Q  -    be    used    than    in 

single-stage  velocity 
turbines. 

The  pressure 
changes  are  shown 
in  the  diagram  at  the 
right  of  Fig.  5,  the 
^pressures  being  laid  off  on  lines  at  right  angles  to  O-V, 
as  in  the  previous  cases.  The  pressure  drops  from  pt 
to  Pt  in  passing  through  the  nozzle  /?,,  remains  constant  in 
the  first  chamber,  drops  from  p,  to  p,  in  the  nozzle  i?,;  and 
so  on  through  the  turbine. 

6.     PresBiire   Turbine. — The   action    of    the   pressure 
turbine    is    illustrated    by    Fig.    6.     The    steam   passes   in 
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succession  through  sets  of  guide  vanes  ^i,^.,  etc.,  and  moving 
wheel  vanes  7^*,,  7v„  etc.  The  pressure  drops  continually 
through  both  stationary  and  moving  vanes,  as  shown  by 
Uhe  diagram  to  the  right  of  Fig.  6,  where  the  pressures  from 
P  to  C  are  laid  off  at  right  angles  to  OX.  The  vanes  nm 
full  of  steam,  whereas,  in  the  velocity  turbines,  Figs.  3,  4, 
and  5,  the  blades  need  not  be  full  of  steam  and  the  steam 
need  not  be  admitted  to  the  entire  circumference  of  the 
turbine  wheel. 

It  will  be  noted  that  in  all  the  turbines  here  described  the 
general  direction  of  the  flow  of  steam  is  parallel  to  the  axis. 
The  turbines  in  Figs.  4  and  5  have  the  buckets  mounted  on 
wheels  that  rotate  in  the  cells,  and  are  sometimes  called 
muUiceUular  turbines.  In  the  turbine  of  Fig.  6,  the  movable 
vanes  are  inserted  in  the  surface  of  a  drum  that  is  mounted 
on  a  shaft,  while  the  stationary  vanes  are  fixed  in  the  casing 
that  surrounds  the  drum.  In  the  following  articles,  typical 
turbines  of  the  different  classes  will  be  described. 


THE   DE  liAVAL  STEAM  TURBINE 

7.  Action  of  the  I)e  I.aval  Steam  Turbine. — The 
De  Tjavul  steam  turbine  is  a  single-stage  turbine  of  the 
velocity  type,  having  a  single  wheel  carrying  one  row  of 
radial  buckets.  The  steam  is  delivered  to  the  buckets  in  jets 
from  nozzles  placed  at  intervals  around  the  circumference  of 
the  wheel,  these  being  so  shaped  as  to  deliver  the  steam 
at  the  highest  velocity  attainable.  Fig.  7  shows  the  general 
arrangement  of  the  wheel,  nozzles,  and  buckets.  The  tur- 
bine wheel  is  shown  at  a  and  the  shaft,  to  which  the  wheel  is 
rigidly  attached,  is  shown  at  b.  The  buckets  are  shown  ate 
with  the  outer  ends  forming  a  rim  to  prevent  the  steam  from 
escaping  in  a  radial  direction.  The  outer  ends  of  the  buckets 
are  represented  broken  away  for  a  short  distance  in  order  to 
show  to  better  advanta-^e  the  form  of  the  buckets  and  the 
way  the  steam  passes  between  them.  The  turbine  wheel  is 
enclosed  in  a  casing  tliat  is  surrounded  by  a  steam  chamber. 
From  this  chamber,  the  steam  enters  tapered  nozzles  (/and 
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expnnds  as  it  passes  through  them  and  out  of  the  large  ends 
to  the  buckets.  The  nozzles  are  placed  around  the  wheel  so 
as  to  give  a  uniform  distribution  of  the  steam.  They  are 
beveled  at  the  ends  nearest  the  wheel,  so  as  to  6t  closely  to 
it  and  deliver  the  steam  to  the  buckets  without  unnecessary 
waste. 

During  the  expansion  in  the  nozzle,  the  pressure  of  the 
steam  falls  until  it  is  equal  to  the  back  pressure;  that  is,  the 
total  expansion  of  the  steam  occurs  in  the  nozzle,  and  at 
the  points  where  the  jets  impinge  on  the  vanes  the  steam 
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[pressure  is  equal  to  the  pressure  of  the  atmosphere,  or  of  the 
[(Condenser,  as  the  case  may  be. 

8,  General  iJeHcrlptlon. — The  general  arrangement 
of  the  parts  of  the  Dt:  Laval  steam  turbine  is  shown  in  the 
sectional  views  in  Fiy.  8.  The  turbine  wheel  a.  Fig.  8  (a), 
lis  mounted  on  the  flexible  shaft  d  running  in  the  three  bear- 
ingsf,  rf,  (/  and  the  so-called  flexible  bearing  r*.  The  bear- 
ings J,  if  are  rigid;  the  bearing  r,  however,  is  fitted  in  such 
a  manner  that  it  can  accommodate  itself  to  the  bending  of 
the  shaft.     The    flexible    bearing  </  does    not    support  the 
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shaft,  but  merely  acts  as  a  stuffingbox  to  prevent  the  air 
from  entering  the  wheel  chamber  when  the  turbine  is  run* 
ning  condensing,  or  the  steam  from  escaping  when  running 
non-condensing.     The  casing  e  covers  the  turbine  wheel. 

The  turbine  wheel  has  such  a  high  rotative  speed  thai 
ordinary  machinery  cannot  be  connected  directly  to  the  shaft; 
hence,  gearing  is  used  lo  reduce  the  speed  to  a  practical 
limit.  The  turbine  shaft  carries  two  pinions /,/ that  mesh 
with  the  gears ,^,^.  These  gears  usually  have  ten  times  as 
many  teeth  as  the  pinions,  thus  making  the  speed  of  the 
gear-shaft  one-tenth  the  speed  of  the  turbine  wheel.  The 
(rears  have  helical  teeth,  one  set  being  right*hand  and 
the  other  left-hand,  as  shown.  By  this  difference  in  the  incli- 
nation of  the  teeth,  the  end  thrust  of  the  shaft  is  practically 
eliminated.  The  gears  are  enclosed  in  a  case,  which  also 
supports  the  bearings  for  the  gear-shaft  k  and  the  recep- 
tacles for  the  oil  for  these  bearings,  as  shown  in  Fig.  8  Kb), 
The  machine  to  be  driven  by  the  turbine  is  connected  to  the 
shaft  A,  either  directly  or  by  belt  from  a  pulley  on  this  shaft. 

On  one  end,  the  shaft  h  carries  a  centrifugal  governor  j, 
which  operates  a  double-seated  throttle  valve  through  a 
bell-crank  lever  shown  at  /.  Steam  is  admitted  to  the  tur- 
bine through  the  opening  /«,  the  exhaust  passing  out  at  » 
either  to  the  atmosphere  or  to  the  condenser,  \ 

B       9,     steam   Nozzles   and    Hiickets, — Each  nozzle   of  a 
H  De  Laval  turbine  is  set  so  that  the  steam  enters  the  turbine 
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at  an  angle  of  20°  to  the  plane  of  rotation  of  the  turbine 
wheel.     Fig.  9  shows  a  detail  of  the  nozzle  and  its  relation 
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to  the  buckets  or  blades;  tlie  nozzle,  which  is  shown  at  a, 
is  bored  cylindrical  for  a  short  distance  on  the  large  end  and 
with  a  uniform  taper  for  the  remainder  of  the  length.  The 
nozzles  are  stationary,  miiformly  distributed  around  the 
steam  chamber  ^,  and  each  is  provided  with  a  valve  c  for 
regulating  the  admission  of  the  steam.  Some  or  all  of  the 
nozzles  may  be  used,  according  to  the  power  required. 

Fig.  10  shows  the  general  appearance  of  the  buckets  as 
attached  to  the  wheel.  They  are  drop  forgings,  and  the 
dovetail  shank  b  is  forced  into  a  slot  cut  in  the  wheel  rim. 
The  center  line  of  the  shank  is  radial  and  the  outer  ends  a 
of  the  buckets  just  touch  each  other.  The  inlet  and  outlet 
angles  are  made  the  same  in  the  De  Laval  bucket,  being  32** 
„  for  the  smaller  sizes  and  36°  for  the 

larger  sizes.  With  these  angles  fixed, 
it  is  found  that  the  best  theoretical 
peripheral  velocity  of  the  wheel  is 
about  950  feet  per  second  for  a  steam 
velocity  of  2,000  feet  per  second. 
Higher  velocities  bear  about  the  same 
relation  to  each  other. 

lO,     Velocities  of  the  Ue  LAval 

Turbine. ^ — In  the  De  Laval  turbines 
that  have  been  built,  the  actual 
peripheral  velocity  varies  from  about  I 
1,400  feet  per  second  in  the  larger  sizes  to  about  500  feet 
per  second  in  the  smaller  sizes.  In  comparison  with  existing 
machinery  and  other  types  of  steam  turbines,  these  velocities 
are  exceedingly  high. 

The  diameters  of  the  turbine  wheels  differ  according  to 
the  power  they  are  to  develop,  and  hence  the  number  of 
revolutions  must  vary  in  order  that  the  linear  velocity  at  the 
circumference  shall  not  be  excessive.  The  speeds  vary,  in 
practice,  from  10,000  to  3^000  revolutions  per  minute. 
These  speeds  are  reduced  approximately  to  one-tenth  this 
amount  by  the  helicnl  gearing,  giving  a  driving  speed  of 
from  1,000  to  3,000  revolutions  per  minute. 
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Fig.  8  shows  a  turbine  of  small  horsepower  using  gears 
on  one  side  of  the  pinions,  as  provided  in  the  smaller  types. 
In  the  larger  types,  it  is  necessary  to  use  two  sets  of  gears, 
one  set  on  either  side  of  the  pinions.  The  pressure  between 
the  gears  and  pinions  is  thus  divided,  so  that  one-half  the 
pressure  is  taken  by  each  set  of  gears.  Thus,  the  gear- 
pressure  on  one  side  of  the  pinion  balances  that  on  the  other 
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side,   and    the    pressure   on  the  pinion  bearings   is  greatly 
reduced. 


11.  Do  LaTHI  Turbine  Wheel, — In  order  to  guard 
against  possible  damage  from  racing,  the  thickness  of  the 
wheel  close  to  the  periphery  is  greatly  reduced,  as  shown 
at  a,  Fig.  11.  The  strength  of  the  wheel  is  thus  reduced, 
and  it  will  rupture  at  this  point  first.     If  the  wheel  should 
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burst  here,  the  rim  holding  the  blades  would  be  broken  up 
into  small  pieces,  which,  on  account  of  their  size,  would  do 
little  damage.  At  the  moment  the  rim  leaves  the  wheel, 
the  stresses  in  the  solid  wheel  body  are  considerably  reduced. 
At  the  same  time,  the  wheel  becomes  unbalanced  and  as  the 
clearance  around  the  hub  is  small,  as  shown  in  Fig.  8  (a), 
tiie  hub  comes  in  contact  with  the  casing,  which  acts  as  a 
brake. 

The  hijjh  speeds  have  their  influence  also  on  the  form  of 
the  hub  of  the  wheel.  In  the  smaller  sizes  of  turbine,  the 
wheel  is  forced  on  a  tapered  sleeve  shrunk  on  the  shaft,  both 
shaft  and  sleeve  passing  entirely  through  the  hub.  In  all 
sizes,  the  hub  must  be  very  heavy  to  resist  the  forces  acting 
on  it.  In  large  turbines,  this  is  especially  important;  and 
in  order  to  have  sufficient  strength,  ihe  hub  is  not  cut 
away  for  the  shaft  to  pass  through,  the  shaft  being  fastened 
to  the  ends  of  the  hub  by  bolts,  as  shown  in  Fig.  11. 

12.  Flexible  6bnft  and  nellcnl  Pinions.— The  flexi- 
ble shaft  and  helical  pinions  are  shown  in  Fig.  12.  On 
account  of  the  very  high  velocities,  the  shaft  can  be  made 
very  small.  In  the  5-horsepower  turbine,  for  example,  the 
shaft  is  only  about  \  inch  in  diameter  at  the  smallest  section, 
shown  at  a.  This  renders  the  shaft  quite  flexible  and  makes 
the    turbine    self-balancing,    to    a   certain    extent,    at    bifb 
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velocities.  The  double  helical  pinions  shown  at  ^,  i  are 
intended  to  reduce  the  speed  with  the  least  possible  vibra- 
tion. The  flexible  shaft  and  helical  gears  are  made  of 
the  best  material.  Great  accuracy  is  also  necessary  in  the 
form  of  the  gear-leeth.  but  great  strength  is  not  required, 
as  the  force  exerted  by  the  teelh  is  not  excessive,  owing  to 
the  high  velocities.     The  spindle  of  a  5-horsepower  turbine, 
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for  example,  has  a  normal  speed  of  30,000  revolutions  per 
minute,  and  the  diameter  of  the  pinion  is  only  J  inch.  The 
linear  velocity  of  the  teeth  is  therefore  about  1(K)  feet  per 
second,  and  when  delivering  5  horsepower  the  tang;ential 
force  is  only  about  27j  pounds. 

13.     Governor   and    Viicuum  Valve, — The  construc- 
tion of  the  De  Laval  governor  is  shown  in  Fig.  13.     It  is  a 
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spring  governor  attached  to  the  end  of  the  shaft  «  by  a  tapei 
shank  ^,  and  carries  the  weights  c,c  hung  on  knife-edge 
bearings  at  rf,  d.  These  weights,  which  are  semi-cylindrical, 
fly  outwards  under  the  action  of  centrifugal  force,  tvirning 
on  the  knife-edge  pivots,  and  thus  push  the  pins  t  to  the 
right.  These  pins,  bearing  against  the  collar  f,  compress 
the  springs  ^.^  until  their  resistance  is  equal  to  the  pressure 
caused  by  the  centrifugal  force.     The  stem  k  is  at  the  same 
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time  carried  to  the  ri^^ht,  rotating  the  beU*crank  J^  and  cans* 
ing  the  Eovernor  valve  »,  Fig.  14,  to  take  a  position  cor- 
responding to  ihe  speed  of  the  governor.  When  the  speed 
falls,  the  governor  weights  move  inwards  and  the  governor 
valve  is  opened  farther  by  them,  thus  admitting  more  steam. 
When  the  speed  rises,  the  centrifugal  force  increases  and 
the  governor  weights  move  farther  outwards;  this  partially 
closes  the  governor  valve  and  thus  reduces  the  amount  of 
steam  admitted. 

The  speed  at  which  the  turbine  will  run  can  be  varied 
somewhat  by  changing  the  tension  of  the  governor  springs. 

The  tensiut  is  in- 
creased to  make  the 
turbine  run  faster  and 
decreased  to  make  the 
turbine  run  slower. 

When  the  turbine  is 
running  condensing,  it 
has  been  found  that  the 
governor  valve  alone 
will  not  give  a  suffi- 
ciently close  rcgulatiuD 
during  a  sudden  and 
excessive  decrease  of 
load.  To  assist  the 
governor  valve  in  con- 
trolling the  speed 
under  such  conditions, 
the  vacuum  valve  has  been  added.  Its  function  is  to  admit 
air  to  the  space  in  which  the  wheel  revolves  and  thus  impair 
or  destroy  the  vacuum.  The  resistance  of  the  air  effectually 
checks  the  speed  of  the  wheel.  It  is  operated  by  the  gov- 
ernor as  follows:  When  the  speed  under  a  certain  decrease 
of  load  becomes  excessive,  the  governor  first  closes  the 
governor  valve  entirely.  If  flie  governor  weights  continue 
to  move  outwards  after  this,  they  move  the  governor  stem  A, 
Fig.  13,  farther  to  the  right,  compressing  the  spring  /.  The 
stud  m  then   strikes  the  end   of  the  vacuum  valve   n  and 
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forces  it  inwards,  thus  admitting:  air.  When  the  speed  has 
been  sufficiently  reduced,  the  governor  weights  move  inwards, 
and  consequently  the  stud  m  moves  away  from  the  vacuum 
valve,  allowing  it  to  close.  As  the  weights  continue  to  move 
inwards,  they  open  the  governor  valve  and  again  admit  steam 
to  the  turbine. 


TIIK    RATKAU    HTEAM   TITRBTNT: 

14.  The  Ilatenii  turbine  is  a  leading  example  of  the 
multiple*stage  velocity  type.  The  general  arrangement  of 
the  tur'wne  is  shown  in  Fig.  15.  It  consists  of  a  shell  that 
is  divtj^,  by  transverse  partitions,  into  a  number  of  cells. 
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each  of  which  contains  a  whciel.  All  the  wheels  are  keyed 
to  a  common  shaft.  In  the  figure,  the  partitions  are  denoted 
by  t,  e;  the  wheels  by  /,  /.  The  partitions  near  the  shell 
have  passages  that  are  oblique  to  the  axis;  and  opposite 
these  passages  are  the  curved  blades  on  the  circumferences 
of  the  wheels.  These  blades  are  pressed  out  of  sheet 
steel  and  riveted  to  the  wheel,  as  shown  in  Fig.  16.  The 
wheels  themselves  are  mtr^  of  thin  steel  plate  pressed 
into  conical  form. 

Steam  enters  at  a,  Fig.  15,  and  passes  to  the  first  wheel 
through  the  nozzle  6.     After  passing  through  this  wheel,  it 
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is  directed  through  the  passages  in  the  partition  and  passes 
through  the  second  wheel.  Then  it  passes  through 
the  next  partition  into  the  next  cell,  and  so  on. 
In  any  cell,  the  steam  pressure  is  the  same  through* 
out,  and  the  work  done  is  due  to  the  velocity  of 
the  jet  of  steam  entering  the  cell  through  the 
passage  in  the  partition.  The  drop  of  pressure 
from  celt  to  cell  occurs  in  this  passage;  there  is 
no  drop  of  pressure  in  the  wheel.  Hence,  this 
is  a  velocity  turbine.  The  total  drop  of  pressure 
between  the  entering  steam  at  a  and  the  leaving 
steam  at  m  is  divided  among  fifteen  or  more 
cells.  As  the  drop  for  each  cell  is  relatively  small, 
the  velocity  generated  is  small  compared  with 
*''**  "^      the  velocity  in  the  single-stage  De  Laval  turbine. 

Hence,  this  turbine  may  be  run  at  moderate  rotative  speeds. 


CUKTI8  STEAM  TURBINE 

15.  Action  of  the  Curtis  Turbine. — The  Curtis 
steam  turbine  is  a  few-stage  turbine  of  the  velocity  type. 
It  is  a  vertical  turbine;  that  is,  the  shaft  is  vertical  and  the 
turbine  wheel  revolves  in  a  horizontal  plane.  The  steam  is 
admitted  to  the  turbine  through  nozzles  somewhat  as  in  the 
De  Laval  turbine;  it  expands  and  acquires  considerable 
velocity  in  passing  through  these  nozzles,  then  passes 
through  alternate  sets  of  moving  and  fixed  blades,  and  in 
so  doing  gives  up  part  of  its  kinetic  energy.  It  then  enters 
another  set  of  nozzles,  expands  and  passes  through  a  second 
series  of  fixed  and  moving  vanes,  in  which  more  of  its  energy 
is  given  up. 

The  arrangement  of  blades  and  nozzles  is  shown  in  Fig.  17. 
The  steam  is  admitted  at  the  top,  through  the  valves  a,a 
which  are  controlled  by  the  governor,  and  passes  through 
the  nozzles  d,  b,  in  which  partial  expansion  takes  place  with 
considerable  increase  in  velocity.  It  then  strikes  against 
the  moving  blades  c,c  and  stationary  blades  d,d,  which 
alternate  with   each   other  along   the  turbine  wheel.     The 
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inovinc  blades  are  attached  to  wheels,  Bxed  to  the  same 
shaft.  After  the  steam  leaves  the  last  set  of  moving  blades  r, 
in  turbines  of  only  two  stages,  it  exhausts  into  the  atmos- 
phere, when  the  turbine  is  running  non-condensing. 

When  the  turbine  is  running  condensing,  the  steam  passes 
through  a  second  set  of  nozzles  e,  e  into  another  series  of 
movable  and  fixed  blades,  and  then  exhausts  into  a  con- 
denser. The  part  of  the  turbine  in  which  the  second  expan- 
sion takes  place  is  sometimes  called  the  low-pressure  side.    The 
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moving  blades  r',  r'  on  the  low-pressure  side  are  attached  to 
wheels  that  are  fastened  to  the  main  shaft,  with  the  high- 
pressiu^e  wheels,  so  that  they  rotate  together.  The  fixed 
blades  tf,  (f  alternate  with  the  moving  blades  in  the  low- 
pressure  side  as  in  the  high-pressure  side. 

16.  Curtis  Turbo-tiencrator. — Fig.  IR  is  a  sectional 
view  of  one  form  of  Curtis  tnrho-grenerotor,  showing  the 
arrangement  of  the  various  parts.     The  shaft  is  vertical,  the 
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vanes,  d  on  the  peripheries.  The  stationary  vanes  ^  between 
the  wheels  are  supported  by  the  turbine  casing.  Steam 
enters   at  /  and    passes   through    the   nozzles   at  ^.   thus 
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impinging  on  the  first  wheel.  The  direction  of  flow  is  then 
reversed  by  the  first  set  of  stationary  blades,  the  steam 
strikes  the  second  wheel,  and  so  on  until  it  passes  through 
the  three  wheels  of  the  first  stajje.  It  then  passes  into  the 
wheels  of  the  seconci  stage  through  openings  at  A,  and 
finally  passes  through  k  into  the  condenser.  In  case  a  con- 
denser is  not  used,  the  steam  is  exhausted  through  the 
exhaust  connection  /,  the  first  stage  only  being  used. 

In  order  to  obtain  a  high  economy,  it  is  necessary  to 
operate  turbines  with  a  high  vacuum;  hence,  they  are  not 
operated  non-condensing  if  it  is  possible  to  avoid  it.  Id 
some  later  types,  a  surface  condenser  is  placed  in  the  base 
of  the  turbine  instead  of  being  separate.  By  this  arrange- 
ment, the  liability  of  leakage  between  turbine  and  condenser 
is  reduced. 
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17.  Pressure  and  Velocity  Stains. — In  the  Curtis 
turbine,  the  steam  is  expanded  in  several  sets  of  nozzles,  but 
the  pressure  in  any  one  of  the  wheel  chambers  is  constant* 
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Each  wheel  chamber  has  a  different  pressure;  hence,  each  is 
spoken  of  as  a  pressure  stage.  In  each  wheel  chamber,  there 
are  two  or  more  sets  o^  moving  vanes,  and  each  reduces  by 
a  certain  amount  the  velucity  and  the  kinetic  energy  of  the 
steam;  hence,  each  set  of  moving  vanes  is  spoken  of  as  a 
velocity  stage. 

The  turbine  shown  in  Fig.  18  has  two  pressure  stages, 
with  three  velocity  stages  to  each  pressure  stage.  In  more 
recent  designs,  four  and  five  pressure  stages  have  been 
employed,  each  with  two  velocity  stages.  Fig.  19  shows  a 
section  of  a  turbine  with  four  pressure  stages. 

18.  The  Four-Stafce  Cnrtis  Tiirblue. — The  vertical 
shaft  of  the  four-Htag^e  Curtis  turbine  is  shown  at  a, 
Fig.  19,  and  the  fuur  wheels  attached  to  the  shaft  are  shown 
at  d,  r,  d,  and  r.  Between  these  wheels  are  partitions  f,ff,i 
that  serve  to  separate  the  different  pressure  stages  of  the 
steam.  The  steam  enters  the  turbine  through  the  channel  /, 
and  then  through  an  expanding  nozzle  that  directs  it  against 
the  first  set  of  moving  blades  j  at  a  high  velocity.  In  pass- 
ing through  the  blades/,  the  steam  gives  up  energy  and  its 
direction  oE  flow  is  changed;  it  then  strikes  the  set  of  station- 
ary blades  A-  and  its  direction  of  motion  is  again  changed  to 
about  the  same  direction  it  had  when  leaving  the  nozzle  i. 
It  then  strikes  a  second  set  of  moving  blades  /,  giving  up 
more  energy.  Both  sets  of  moving  blades  /  and  /  are 
attached  to  the  wheel  b,  while  the  set  of  stationary  blades  k 
is  fastened  to  the  casing. 

From  the  moving  blades  /,  the  steam  passes  through  a 
valve  y  into  the  chamber  m  and  expands  through  a  set  of 
short  nozzles  to  the  blades  on  the  wheel  c,  which  also 
carries  two  sets  of  buckets  n  and  o  on  either  side  of  a  set 
of  stationary  buckets  p  fastened  to  the  casing.  The  same 
process  is  repeated  with  the  blades  on  the  wheels  d  and  e, 
the  steam  expanding  through  nozzles  in  the  stationary  parti- 
tions between  the  wheels. 

MK  Step  Benrlitft  t"^  Curtis  Turbine. — The  turbine 
shaft  m,  Fig.  18,  is  supported  on  a  thrust  bearing  o  and  oil 
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or  water  is  forced  in  under  the  shaft  thruugh  the  pipe  p.  The 
oil  or  water  flows  up  and  out  through  the  bearing  and 
returns  through  the  pipe  r.     The  end  of  the  shaft,  therefore, 
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rests  on  a  thin  film  of  oil  or  water,  and  the  downward  pres- 
sure on  the  bearing  is  taken  up  by  the  fluid  pressure  which 
is  usually  between  200  and  500  pounds  per  square  inch. 
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The  genera!  arrangement  of  this  bearing  is  shown  more 
clearly  in  Fig.  20.  The  end  of  the  shaft  a  is  doweled  to  the 
cast-iron  block  b,  which  turns  with  it.  The  block  b  is  sup- 
ported by  the  block  c  on  which  it  rotates.  The  block  c  is 
prevented  from  turning  by  being  doweled  to  the  base  d. 
Both  b  and  c  are  recessed  about  k  inch  deep  for  about  one* 
half  their  diameter.  Oil  or  water  is  forced  through  the 
pipe  e  into  this  space  with  sufficient  pressure  to  raise  the 
entire  weight  on  the  shaft  and  cause  a  thin  film  of  oil 
or  water  to  flow  all  over  the  bearing  surface  between  the 
blocks  b  and  r.  The  oil  works  its  way  up  around  the  shaft 
and  then  out  through  the  passages  /.  The  rings  shown  at 
g,gpTevGnt  the  oil  from  working  out  above  the  step  beariag. 

20.  The  Governor. — Fig.  21  is  a  perspective  view  of 
the  outside  of  the  turbine  showing  the  location  of  the  gov- 
ernor and  the  way  it  is  connected  with  the  valves. 

The  governor  a  is  located  on  the  top  of  the  machine  and 
consists  of  centrifugal  weights  acting  against  a  heavy  spring. 
The  movement  of  the  weights  operates  the  rod  b  connected 
to  an  electric  controller  c.  The  controller  regulates  an  elec- 
tric current  through  a  series  of  electromagnets  that  oper- 
ate small  pilot  valves  d.  These  small  pilot  valves  operate 
valves  r',  Fig.  18.  which  admit  steam  to  the  several  nozzles. 
Any  decrease  in  speed,  caused  by  an  increase  in  load,  causes 
a  corresponding  movement  of  the  governor.  This  moves  the 
controller  that  operates  the  electromagnets,  .so  as  to  bring 
more  nozzles  into  action  and  thereby  supply  more  power  to 
carry  the  load.  In  addition  to  the  regular  throttle  valve,  the 
turbine  is  provided  with  a  valve  d\  Fig.  18,  that  closes  auto- 
matically when,  for  any  reason,  the  speed  becomes  excessive. 
A  centrifugal  device  arranged  on  the  shaft  at  /  flies  out 
when  the  speed  rises  above  the  proper  amount,  thus  mo\nng 
the  lever  /',  pulling  on  the  rod  ,^'»  and  releasing  the  catch  k'. 
This  allows  the  weight  k'  to  drop  and  close  the  valve. 
Small  adjustments  in  speed  can  be  made  by  turning  the 
small  hand  wheel  c,  Fig.  21,  thereby  slightly  changing  the 
action  of  the  governor.    In  some  of  the  turbines,  particularly 
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in  the  lars;ei*  sizes,  this  adjustment  is  made  by  means  of  a 
small  electric  motor  controlled  from  the  switchboard. 

The  governing  of  the  four-stage  turbine  shown  in  Fig.  19 
is  essentially  the  same  as  that  of  the  two-stage  turbine. 
The  governor  acts  on  the  first  set  of  nozzles  only;  how- 
ever, at  ^,  there  is  a  spring  valve  between  the  first  aod 
second  sets  nf  nozzles.  When  the  pressure  in  the  chamber 
of  the  first  wheel  reaches  a  certain  point,  this  valve  opens 
and  admits  steam  to  the  second  set  of  nozzles.  There  are 
no  valves,  however,  between  the  second  and  third  or  between 
the  third  and  fourth  stages. 
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21.  General  ArninKement  of  the  Parsons  Turbine. 

The  leading  example  of  the  pressure  type  of  turbine  is  the 
Parsons  turbine.  An  outside  view  of  one  of  this  type, 
the  Westinghouse-Parsons  turbine,  is  shown  in  Fig.  22. 
Steam  enters  through  the  pipe  a,  passes  up  through  a  chan- 
nel inside  the  casing  f  and  the  pipe  A  at  the  lop  of  the  tur- 
bine, and  then  through  the  governor  valves  ^,  ^  into  the 
turbine.  The  governor,  which  controls  tlie  valves  d.  *',  is 
inside  the  casing  ti;  it  is  of  the  spring-loaded  flyball  type, 
with  a  dashpot  to  steady  its  action.  The  shaft  r  is  rocked 
to  and  fro  by  an  arm  connecting  it  at  one  end  to  the  gover- 
nor, the  other  end  being  connected  by  an  arm  and  link  / 
to  the  shaft  /,  which  is  connected  by  arms  to  the  pilot  valves 
^,  ^that  operate  the  main  steam  admission  valves.  The 
action  of  the  governor  and  pilot  valves  will  be  considered 
more  fully  later.  At  J  is  shown  the  dynamo  connected  to 
this  turbine. 

22.  The  section  of  this  turbine,  Fig.  23,  shows  its  principal 
parts.  The  main  shaft  a  carries  all  the  rotating  parts,  inclu- 
ding the  three  aeries  of  blades^,  r,  and  (f.  The  entire  rota- 
ting part  is  generally  called  the  rotor.  The  main  bearings; 
and  /,  of  the  shaft,  will  be  explained  in  detail  later.  The 
rotor  is  surrounded  by  a  steam-tight  casing^. 
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The  steam  enters  the  turbine  at  boiler  pressure  through 
the  valve  h  and  fills  the  chamber  /,  /,  which  extends  around 
the  rotor.  From  the  chamber  /',  the  steam  expands  through 
a  set  of  stationary  blades,  that  so  direct  it  that  it  strikes  the 
moving  blades  and  gives  up  energy  to  them.  The  stationary 
and  moving  blades  alternate  in  sets,  each  set  forming  a  ring 
around  the  rotor.  The  steam  expands  a  small  amount  as  it 
passes  through  each  set  of  blades.  Its  velocity  increases  in 
passing  through  the  stationary  blades,  and  decreases,  on 
account  of  the  energy  given  up,  in  passing  through  the 
moving  blades.  The  blades  are  radial,  as  in  the  De  Laval 
turbine,  but  there  are  a  large  number  of  sets  instead  of  only 
one.  The  length  of  the  blades  of  one  set  is  the  same,  and 
they  are  placed  the  same  distance  apart.  In  the  first  set  of 
a  series,  they  are  comparatively  short  and  close  together, 
but  their  length  and  distance  apart  increase  toward  the  next 
series.  The  purpose  of  this  is  to  accommodate  the  expand- 
ing steam  which  requires  an  increased  space  as  it  expands. 

After  the  steam  has  passed  through  the  first  series  of 
blades  b  it  enters  the  chamber  /  from  which  it  enters  the 
second  series  of  blades  c.  After  passing  through  the  sta- 
tionary and  moving  blades  of  this  series  and  out  into  the 
chamber  k^  it  passes  through  the  third  series  of  blades  d  and 
exhausts  into  the  chamber  /.  From  this  chamber  it  goes 
either  to  the  coudenser  or  to  the  atmosphere. 


23.  In  urder  to  counteract  the  end  thrust  caused  by  the 
action  of  the  steam  on  the  rotor,  the  shaft  is  fitted  with  bal- 
ance pistons  m,  n,  and  o.  The  diameter  of  m  is  about  the 
same  as  that  of  the  part  b  of  the  rotor,  and  the  chamber  /  per- 
mits the  same  steam  pressure  to  act  on  both,  neutralizing  the 
end  thrust  of  the  first  section.  In  the  same  way,  «  is  of  the 
same  diameter  as  f  and  is  acted  on  by  the  same  steam  pressure, 
being  connected  by  the  passage  «.  Again,  o  Is  of  the  same 
diameter  as  d\  one  face  is  exposed  to  steam  from  the  cham- 
ber k  while  the  outer  face  is  connected  to  the  exhaust  cham- 
ber by  the  pipe  p^  thus  neutralizing  the  pressure  on  t>oth 
sides  of  the  part  b  of  the  rotor. 
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An  adjustable  bearing  tj,  similar  to  a  thrust  block,  confines 
the  turbine  shaft  longitudinally,  and  at  the  same  time  re&ists 
any  end  thrust  that  may  not  be  balanced  by  the  balance 
pistons. 

24,  At  r  is  shown  the  govemor,  which  re^tlates  the 
speed  of  the  turbine  by  acting  on  the  steam  admission  valve  ^ 
When  the  turbine  must  carry  an  overload  and  the  supply  of 
steam  through  the  valve  A  is  insufficient,  the  governor  also 
causes  the  valve  s  to  open  and  admit  steam  at  boiler  pres* 
sure  to  the  second  series  of  blades  c.  This  increases  the 
power  of  the  turbine,  but  the  steam  is  not  used  so  efficiently, 
and  the  economy  is  therefore  lowered  somewhat. 

A  relief  valve,  shown  at  f,  is  provided  to  permit  stea 
escape  to  the  atmosphere  when  the  exhaust  pressure  bee 
excessive. 


25.  Flexible  BenrlnirS' — The  means  adopted  for  pre- 
venting vibration  is  a  careful  balancing  of  the  rotor  com- 
bined with  a  construction  permitting  it  to  rotate  about  its 
axis  of  gravity.  The  shaft  is  made  rigid,  but  the  bearings 
are  made  flexible.  It  can  readily  be  seen  that  if  the  axis  of 
gravity  of  the  rotor  does  not  coincide  with  the  axis  of  the 
shaft,  the  latter  will  move  in  a  circular  path  when  the  rotor 
turns  about  its  axis  of  gravity.  In  order  to  permit  this  rota- 
tion, and  thus  insure  smooth  running,  the  bearings  are  sur- 
rounded by  loosely  fitting  concentric  sleeves  as  shown  atr. 
Fig.  2<i.  The  spaces  between  the  sleeves  are  small  and  the 
sleeves  are  provided  with  holes  through  which  oil  can  pass 
to  the  spaces.  The  oil,  which  is  a  yielding  medium,  forms  a 
film  around  the  shaft  and  sleeves  and  allows  the  bearing  to 
move  laterally,  so  as  to  accommodate  itself  to  any  lack  of 
balance  of  the  rotor.  The  bearing  is  prevented  from  rotating 
by  suitable  dowel-pins. 

All  bearings  are  lubricated  by  oil  imder  a  slight  pressure,  and 
the  oil  flows  back  by  gravity  to  a  reservoir.  A  small  pump, 
driven  from  a  worm-gear  on  the  shaft,  forces  the  oil  from  the 
lower  to  a  higher  reservoir,  a  few  feet  above  the  bearings. 
From  this  point  the  oil  flows,  under  a  pressure  due  to  this 
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heiffht,  throagh  pipes  to  the  top  of  the  bearings.  Piping  is 
also  provided  for  the  return  of  the  oil  from  below  the  bear- 
ings to  the  lower  reservoir. 


26.  The  Governor,^ — The  governor  shown  at  r,  Fig.  23, 
is  of  the  spring-loaded  fiyball  type.  By  adjusting  the  tension 
of  the  governor  spring,  the  speed  of  the  turbine  can  be  varied 
within  certain  limits.  The  governor  va]ve  controlling  the 
admission  of  steam  to  the  turbine  is  not  attached  directly  to 
the  governor,  but  is  operated  by  means  of  a  pilot  valve  con- 
trolled by  the  governor.  The  work  to  be  performed  by  the 
governor  is  therefore  very  light. 

The  governing  mechanism  is  shown  in  detail  in  Fig.  24. 
The  steam  enters  through  the  pipe  a  to  the  admission  or 
governor  valve  b.  This  valve  is  attached  to  a  rod  c  that 
carries  at  its  upper  end  the  piston  d  in  the  cylinder  t.  The 
spring  /  above  the  piston  keeps  the  piston  and  valve  in  their 
lowest  positions,  in  which  the  valve  b  is  closed.  Steam  enters 
the  cylinder  t,  below  the  piston,  around  tlie  rod,  which  fits 
loosely  in  the  opening  g.  When  the  turbine  is  not  running, 
the  pilot  valve  //  stands  in  the  position  shown  and  is  closed. 
When  the  throttle  valve,  connected  to  the  pipe  a,  is  opened, 
steam  passes  through  the  opening^,  raising  the  piston  d  and 
the  governor  valve  b,  thus  admitting  steam  to  the  turbine. 

When  the  turbine  is  running,  the  pilot  valve  is  operated, 
through  a  system  of  levers,  by  an  eccentric  on  a  shaft  k  that 
operates  the  governor,  and  that  receives  its  power  from  the 
turbine  shaft  /.  Owing  to  the  high  speed  of  the  turbine 
shaft  /,  a  worm  and  worm-gear  are  used  to  reduce  the  speed 
of  the  shaft  k  and  therefore  of  the  governor  and  pilot  valve. 
The  bevel  gears  /  transmit  the  motion  to  the  governor  while 
the  eccentric  m  gives  motion  to  the  pilot  valve.  Motion  is 
transmitted  from  the  eccentric  rod  through  the  arm  n  and  a 
short  link  to  the  lever  o,  which  has  its  fulcrum  on  the  gov- 
ernor collar  r.  From  the  lever  e,  the  motion  is  transmitted 
through  another  link  and  arm  to  the  rocking-shaft  p',  from 
this  rocking'shaft,  the  motion  is  given  to  the  pilot  valve  by 
the  arm  and  link  shown  at  g. 
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27.  The  action  of  the  governor  can  best  be  studied  by 
considering  the  action  of  the  admission  valve  while  the 
turbine  is  running  at  normal  speed.  With  each  revolution 
of  the  shaft  k,  the  pilot  valve  is  opened  and  closed.  When 
closed,  the  steam  pressure  increases  under  the  piston  </, 
Fig.  24,  which  moves  upwards  and  opens  the  steam  admis- 
sion valve  b,  thus  opening  the  steam  inlet.  After  a  certain 
interval,  the  pilot  valve  opens  and  allows  the  steam  to  escape 
from  beneath  the  piston;  then  the  spring  /  immediately  closes 
the  admission  valve,  again  shutting  off  the  steam  from  the 
turbine.  This  alternate  opening  and  closing  of  the  admis- 
sion valve  occurs  at  intervals  that  depend  on  the  speed  of 
the  turbine.  It  is  thus  seen  that  the  steam  is  admitted  in 
puffs. 

The  volume  of  steam  admitted  at  each  opening  of  the 
governor  valve  varies  directly  with  the  length  of  lime  the 
valve  remains  open.  The  object  of  the  governor  is  to  regu- 
late this  length  of  time,  which  is  accomplished  by  causing 
the  pilot  valve  to  make  its  strokes  in  a  higher  or  lower 
position,  depending  on  the  way  in  which  the  speed  varies, 
thus  changing  the  length  of  time  the  pilot  valve,  and  there- 
fore the  time  the  admission  valve  remains  open.  Suppose 
that  the  speed  of  the  turbine  increases.  Then  the  governor 
balls  J,  s  fly  outwards,  and  in  doing  so  raise  the  governor 
collar  r.  As  a  result,  the  pilot  valve  h  is  also  raised  and 
makes  its  up-and-down  strokes  in  a  higher  position.  The 
exhaust  port  below  the  piston  d,  therefore,  remains  open  for 
a  greater  length  of  time  than  before,  with  the  result  that  the 
steam  escapes  and  the  spring  holds  the  steam  admission 
valve  closed  longer,  or  in  other  words,  shortens  the  lime 
during  which  steam  is  admitted  to  the  turbine.  The  result 
of  this  decrease  in  the  volume  of  steam  admitted  to  the 
turbine  is  a  reduction  of  its  speed  to  the  normal  speed. 
When  the  speed  drops  below  the  normal,  the  pilot  valve 
drops  to  a  lower  position,  thus  increasing  the  time  during 
which  steam  collects  l>elow  the  piston  d,  and  consequently 
increasing  the  time  that  the  steam  admission  valve  remains 
open.     More  steam  is  thus  admitted  at  each  opening  of  the 
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valve,  which  continues  until  the  speed  has  increased  to  the 
normal. 

The  object  of  making  the  admission  valve  act  intermit- 
tently, as  described,  is  to  admit  the  steam  to  the  turbiof 
at  full  boiler  pressure,  irrespective  of  the  variation  in  load. 
With  a  full  load,  the  puffs  of  steam  admitted  will  be  almost 
continuous. 


OTHER   STEAM    TURBIXES 

28.  The  types  of  steam  turbines  that  have  been  described 
do  not  embrace  all  the  commercial  forms.  There  arc  a 
large  number  of  other  turbines  on  the  market,  the  action  of 
which,  however,  is  based  largely  on  the  same  principles 
as  those  described,  although  the  mechanism  may  differ 
widely  in  details  of  construction.  The  number  of  turbines  is 
increasing  rapidly,  and  it  would  not  be  practicable  to  illos* 
trate  and  describe  all  the  various  forms  in  existence  or  in 
the  course  of  development.  The  leading  types  described 
here  embody  the  essential  principles  of  turbine  construction, 
and  the  application  of  these  principles  to  the  other  forms 
will  not  be  found  difficult. 
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STEAM-TURBINE  CALCULATIONS 


ENERGY  CHANGES  IN  THE  TURBINE 

1.  Heat  Conteuts  of  the  Steam. — As  steam  passes 
through  a  turbine  it  undergoes  a  considerable  change  of 
cooditiou.  It  enters  the  turbine  at  a  high  pressure  and  may 
be  superheated;  as  it  leaves  the  turbine  and  enters  the  con- 
denser it  is  at  a  much  lower  pressure  and  may  contain  some 
water.  In  any  stale,  however,  a  unit  weight,  say  a  pound, 
contains  a  de^nite  quantity  of  heat,  called  the  beat  conteuts. 
This  quantity  of  heat  may  be  defined  as  the  number  of 
British  thermal  units  required  to  raise  the  temperature 
of  1  pound  of  water  from  32°  F.  to  the  boiling  point  corre- 
sponding to  the  steam  pressure,  evaporate  the  pound  of 
water  at  that  temperature,  and  superheat  it  to  the  final 
temperature  of  the  superheat.  If  the  steam  is  just  saturated, 
the  contained  heat  is  simply  the  total  heat  as  given  in  the 
Steam  Table.  If  the  steam  is  wet  and  has  the  quality  .r,  the 
contained  heat  is  the  heat  required  to  raise  the  pound  of 
water  from  32°  F.  to  the  boiling  point  and  to  evaporate  x 
per  cent,  of  it. 

Fur  any  given  state,  the  heat  contents  can  readily  be 
calculated.  However,  to  obviate  much  tedious  work,  a  Heat 
Chart  has  been  prepared  especially  for  this  Section. 
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2.  Ilcat  Chart  for  Steara.— The  Heat  Chart  shown  in 
Fig,  1  has  been  constructed  for  the  purpose  of  easily  deter- 
mining the  quantity  of  heat,  in  British  thermal  onits,  is 
1  pownd  of  steara  when  its  pressure  and  quality  are  knomi. 
and  to  determine  the  heat  changes  in  the  adiabatic  expansion 
of  steam.  The  form  of  the  chart  was  originated  by  Mollier, 
but  is  plotted  here  so  as  to  agree  with  the  Steam  Table 
given  in  Entropy  and  Steam.  The  heavy  line  MN  represents 
the  saturation  points  for  steam  at  various  pressures,  and  is 
called  the  saturation  curve.  Points  located  above  this  curve 
are  said  to  be  in  the  superheated  region;  those  below^  it  are  said 
to  be  in  the  saturated  region.  All  points  on  the  line  MS 
represent  dry  saturated  sieam.  The  lines  that  cross  MH 
obliquely  and  nearly  parallel  \o  A  B  are  pressure  lines,  with 
the  pressures  in  pounds  per  square  inch,  absolute,  given  near 
the  intersection  of  some  of  these  lines  with  the  saturation 
curve.  The  lines  below  and  nearly  parallel  to  .l/'A''  give  the 
quality  of  the  steam.  For  example,  points  on  the  line 
marked  ..W  represent  steam  with  10  per  cent,  of  moisture 
and  .!J0  per  cent,  of  steam.  The  point  in  the  saturated 
region  where  a  quality  .line  and  a  pressure  line  cross  deter- 
mines the  state  of  wet  steam;  thus,  the  .96  line  crosses  the 
75-pound  line  at  a  point  that  represents  steam  at  an  absolute 
pressure  of  75  pounds  per  square  inch  and  containing  ft5  per 
cent,  dry  steam  and  5  per  cent,  moisture. 

The  lines  above  -l/iV  that  are  nearly  horizontal  represent 
superheated  steam  of  the  temperature  in  degrees  Fahrenheit 
given  at  the  ends  of  these  lines.  When  steajn  is  superheated, 
its  state  is  represented  by  the  point  of  intersection  of  the 
pressure  line  and  the  superheat  line.  If  the  steam  has  an 
absolute  pressure  of  15()  pounds  per  square  inch  and  is  super- 
heated to  a  temperature  of  500°  F..  its  state  is  represented 
on  the  Heat  Chart  by  the  point  where  the  150-poand  line 
intersects  the  500°  line. 

The  ordinates  of  all  points  on  the  Heat  Chart  are  heat 
units  in  British  thermal  units  per  pound  of  steam,  as  shown 
by  the  heat  scale  on  the  left  margin;  and  the  abscissas  are 
entropy  units,  as  shown  by  the  scale  on  the  lower  margin. 
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Horizontal  lines  represent  constant  beat  lines,  and  vertical 
lines  represent  constant  entropy  or  the  lines  of  adiabatic 
expansion.  The  construction  of  the  curves  of  this  chart  is 
explained  in  Appendix  1. 

A  few  examples  will  make  clear  the  use  of  the  Heat  Chart 
in  finding  the  heat  contents  of  the  steam. 

Example  I, — Find  the  heat  contents  of  1   pound  of  steam  at  an 

absolute  pressure  of  100  pounds  per  square  inch  and  superheated 
to  500*  F. 

Solution. — The  point  giving;  this  state  is  at  the  intersection  of  the 
100-lb.  line  and  the  i>00*  line.  Opposite  this  point  on  the  heat  scale  is 
1,268:  hence,  the  contained  heat  is  1.266  B.  T.  U.     Ans. 

Example  2. — Find  the  heat  contents  of  1  pound  of  steam  havinR  a 
quality  of  .83,  that  is.  15  per  cent,  moisture,  and  a  pressure  of  3  pounds 
per  square  inch,  absolute. 

SoLtrrioN. — Tht;  point  giving  this  state  lies  at  the  intersection  of 
the  pressure  line  marked  J  and  the  quality  line  marked  >S5.  Opposite 
this  point,  the  reading  on  the  heat  scale  is  973  B.  T.  U.     Acu. 

3.     Atllubotlc  KxpanKlon. — Ah  adiabatic  expansion 

of  steam  is  one  in  which  the  steam  does  not  receive  heat 
from  any  external  source,  and  the  heat  of  the  steam  is  given 
up  in  doing  external  work  only.  In  the  Heat  Chart,  Fig.  1, 
adiabatic  expansion  is  represented  by  a  vertical  line  from 
the  initial  to  the  final  points.  The  position  of  the  upper 
point  indicates  the  initial  stale  as  to  pressure  and,  if  super- 
heated, as  to  temperature  also.  The  position  of  the  lower 
point  gives  the  state  of  the  steam  at  the  end  of  expansion. 

Example. — Steam  at  a  pres-sure  of  IfiO  ponnd.s  per  sqnare  inch, 
absolute,  and  superheated  to  Ii00°  F.  expands,  adiabatically,  to  a  pres- 
sure of  2.5  pounds  per  square  iuch,  absolute.  Find:  [a)  the  condition  of 
the  steam  at  the  end  of  expansion;  {b)  the  change  in  the  heat  Lontents, 

Solution. — (n)  By  droppioj;  a  vertical  line  from  the  initial  point, 
at  (he  intersection  of  the  <tO()°  line  and  the  150-lb.  line  on  the  Heat 
Chart,  the  :J.5-lb.  line  i.s  cut  at  a  point  that  Nhows  a  quality  of  .88; 
hence,  at  the  end  of  expansion,  the  steam  has  12  per  cent.  i>f  water 
due  to  con<lensation  and  SK  ])er  cent,  of  sleam.     Ans. 

(*)  Opposite  the  initial  point  on  the  heat  seals  is  I.3I2  B.  T.  U., 
and  opposite  the  (inat  point  1.002  B.  T.  U.;  hence,  the  heat  change  ia 
1,312- 1,002  =  310  B.  T.  U.    Ans. 
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4.  Volume  of  Steam. — If  the  point  representing  the 
condition  of  the  steam  is  in  the  saturated  region,  the  volume 
of  1  pound  may  be  determined  from  the  Steam  Table.  Thus, 
if  Vis  the  volume  per  pound,  as  given  in  the  table,  and  x  is 
the  quality  as  determined  from  the  Heat  Chart,  the  volumes 
of  1  pound  of  the  mixture  of  steam  and  water  is  given  very 
nearly  by  the  formula 

v  =  xy  (1) 

For  convenience  in  finding  the  volume  of  saturated  steam  at 
the  ordinary  condenser  pressures  found  in  steam-turbine  prac* 
tice,  Table  I  is  given. 

TABIiE  I 

VOLUMES   OP   SATURA.TE1>    STEAM    AT    CONDENSER 
PRESSURES 


Pressures 

Pounds  per 

Square  Inch, 

Absolute 

Votu  mes 
Cubic  Feet 
per  Pound 

Pressures 

Pounds  per 

Square  Inch, 

Absolute 

Volumes 
Cubic  Feet 
per  Pound 

I 

2 

334-6 
270.9 

227.9 
197.0 
173.6 

'        2i 
2i 
25 

3 

155-3 
140.6 
128.5 

118,4 

For  points  in  the  superheated  region,  the  following  formula 
will  give  the  volume  per  pound: 

Let  p  =  pressure,  in  pounds  per  square  inch,  absolute; 
T  =  absolute  temperature  ^  /  +  460°  P.; 
Vt  —  volume  of   1   pound  of   superheated  steam,  in 
cubic  feet. 

Then,  v,  =  .591  -^  -  .135  (2) 

/> 

Example.— (a)   Find  the  initial  volume  per  pound  in  the  example 
of  Art.  3.      (A)    Find  the  finiil  volume. 

Soi.rTKiN. — (d)   For  the  initial   vnhime,    substitute  in   formula  2, 
'/' =  MH)  +  t  =  -l(il>  +  (KX»  -   !,(Xi(l,   ;iiul  />  -  l.'iO.      Hence. 


=  .r>OI  X  -^  -  .13;>  =   .M\  X  ';'.1'"  -  .135  =  4.0414  cu.  ft. 
p  1  .■>() 


Ans. 
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(6)  For  the  final  volnme  at  the  pressure  of  2.6  lb. ,  apply  (omiiila  1 . 
The  volame  ol  I  II).  nf  Ary  saturated  .steam  at  2..'i  lb.  per  sq.  in.,  abso- 
lute, iti  ubvnt  i-lO.tl  cu.  ft.;  hence,  subHtttutiiig  this  and  the  quality  of 
.88  in  formula  I, 

p  =  .88  X  140.6  =  123-7  cu.  ft.    Ans. 

6,  Theoretical  Work  of  titeam. — Suppose  a  pound  of 
steam  to  etiter  a  heat  motor — that  is,  either  a  steam  turbine 
or  a  steam  engine— in  a  given  initial  condition,  expand 
adiabatically  to  some  fitial  condition,  and  then  pass  out  of 
the  motor.  The  steam  brings  into  the  motor  the  heat  con- 
tents at  the  initial  state,  which  may  be  denoted  by  //,,  and 
carries  away  with  it  the  heat  contents  //,  at  the  final  state. 
If  there  were  no  losses  of  any  kind,  the  difference  f/,—//t 
would  represent  precisely  the  heat  transfonned  into  wnrk; 
hence,  the  theoretical  work  IV,  in  foot-pounds  per  pound  of 
steam,  would  be  given  by  the  formula 

IV  =  778(//. -//.)  (1) 

The  theoretical  steam  consumption  in  pounds  of  steam 
per  horsepower  per  hour  is  now  easily  obtained.  One 
horsepower  per  hour  is  equal  to  33,000  X  60  =  1,980,000  foot- 
pounds. Since  1  pound  of  steam  produces  77S(/^,  — //,) 
foot-pounds,  the  theoretical  weight,  5".,  of  steam  required  per 
horsepower  per  hoiur  is  given  by  the  formula 

1.980,000 


5,= 


or 


S,  = 


(2) 


2.545 

ExAMPf.B.— (n)  Find  the  theoretical  work  of  the  adiabatic  expan- 
sion of  1  pound  uf  steara  froni  a  pressure  of  150  pounds  per  square 
inch,  absolute,  and  superheiited  to  a  temperature  of  tKK)"  K.,  to  a 
pressure  of  2.5  pounds  per  square  inch,  absolute,  (d)  Find  the 
weight  of  steam  required  per  horsepower  per  hour. 

Solution.— (a)  From  the  Heat  Chart,  the  150-tb.  line  crosses  the 
flOO"  IJDe  at  1,312  B.  T.  U.  The  adiabatic  expansion  line— that  is. 
the  vertical  line — from  the  initial  to  the  final  slates  crosses  the  2.5-lb. 
line  at  1,002  B.  T.  U.     Hence,  applying  formnta  1, 

IV  =  778(//,  -  //,)  =  778(1.312  -  1,0(>2)  =  241.180  fl.-lb.     Ans. 

ib)    Apply  formula  3, 

2.545  2.545 


5. 


//,  -  //.       1.312  -  1.002 


=  8.2!  lb.,  nearly.    Ans. 
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6.     Actiiul    Work    nn«l    Hteain    Couutiniptloit. — The 

effective  work  derived  from  1  pound  of  steam  is  always  less 
than  the  theoretical  work.  In  a  steam  turbine,  the  losses  arc 
of  two  kinds:  (1)  those  connected  with  the  action  of  the 
steam,  such  as  the  friction  in  the  nozzles  and  blades;  (2)  those 
not  connected  with  the  steam,  such  as  journal  friction.  If 
the  first  losses  are  subtracted  from  the  theoretical  work,  the 
remainder  is  the  work  that  the  steam  actually  does.  This 
may  be  called  the  mduated  work  of  the  steam,  because  it  cor- 
responds to  the  work  given  by  the  indicator  diagram  in  the 
steam  engine.  If  the  second  set  of  losses  is  also  subtracted, 
the  result  is  the  efUetii^e,  or  brake,  work^  Let  Wx  and  II'*, 
denote  the  indicated  and  brake  work,  respectively;  then,  the 
ratio  of  the  indicated  work  to  ttie  llieoretical  work  is  the 
indkaUd  eHidetuy  R,  of  the  motor,  and 

W 

The  bfake  efiUitncy  R,  is  the  ratio  of  brake  work  to  the 
theoretical  work,  and  is  expressed  by  the  formula, 

IV 

These  efficiencies  refer  to  the  theoretical  work  as  a  basis, 
and  should  not  be  confused  with  the  theoretical  efficiency  of 

ZJ    _^    t/ 

the  ideal  heat  engine,  — —- — '^  which  is  based  on  the  heat  //, 

■f 'i 

carried  into  the  turbine. 

The    steam    consumption    per   indicated   horsepower  per 

hour  is  given  by  the  formula 

1.980,000 

2,545 


/T.  = 


£,^ 


(1) 


(2) 


5.  - 


or 


S, 


(3) 


The  steam  consumption  per  brake  horsepower  per  hour  is 
given  by  the  formula 

1,980.000 

2,545 


\ 


5,  = 


or 


S. 


yi\{/A-//.) 


(4) 


STEAM  TURBINES 


Example.— In  the  example  of  Art.  fi,  the  heat  change  is  /A  -  //, 
=  310  British  thermal  nnits,  (a)  If  ihe  losses  in  the  action  of  ihe 
steam  are  30  per  cent.,  what  is  the  steam  LOiisuroption  per  indicated 
horsepower  per  hour?  (d)  U  the  journal  frittion  is  lU  per  cent,  of  the 
indicated  work,  what  is  the  steam  consumption  per  brake  horsepower 
per  hour? 

Solution.— (a)  The  indicated  efficiency  is  70  percent.,  ur  ^,  »  .70. 
Hence,  applying  formula  It* 

2.645  2.545 

.70C//.  -//.)  "  .70X310 
(A)     The  heat  used  in  doing  work,  per  pound  of  steam  per  indicated 
horsepower  per  hour,  is  .70  X  310  ~  217  B.  T.  U,;  and,  as  10  percent, 
of  this  is  lost  in  friction,  only  217  X   «  =  195.3  B.  T.  U.  is  transformed 
into  work  at  the  brake.     Hence,  the  brake  efficiency,  from  formula  2,  is 
_   M'.        IU5.3  X  J78  _ 
^'"  -~    If         310  X  778         -^ 
The    steam   consumption    per   brake    horsepower    in   Found    from 
formula.  4, 

2,54.5         _      2.545 


•S.  -  >7 


11.728  ib.     AQ8. 


5,= 


13.03  Ib.    Ans. 


£,(//,  -  //,)    "  .63'X  3l5  ' 

7.  Curve  of  Sieftrn  Coiisiitiiptlon.  —  The  curve  in 
Fig.  2  shows  the  relation  between  the  brake  horsepower  of 
the  steam  turbine  at  full  load  and  the  steam  consumption. 
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T   ■   '                                              ■                                   [ 

ill                                             1                                   ' 
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\I                                                                                                                    I 

\                                                                                                         i                ■ 
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.1                                                             !         '     1 

4*        O  loa       zoo       joe       400    f^vic      eoD       roc       wo      90Q       iooo     X 

Brght  Hv^iapowtr 

PlQ.   2 

The  curve  is  plotted  from  the  published  results  of  tests  of 
steam  turbines  of  the  types  that  have  attained  the  ^jfreatest 
commercial  success.  The  turbines  above  100  brake  horse- 
power that  were  considered  were  multiple-stage  turbines. 
All  the  turbines  examined  used  saturated  steam  of  from  115  to 
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140  pounds  per  square  inch  gauge  pressure,  and  all  exhausted 
into  a  vacuum  of  from  26  to  28.5  inches  of  mercury.  Belter 
results  than  those  shown  by  the  curve  can  be  obtained  by 
the  use  of  highly  superheated  steam. 

Frequently,  the  power  of  the  turbine  is  stated  as  so  many 
kilowatts*  (K.  W.).  In  that  case,  dividing  the  number  of 
kilowatts  by  .740  gives  the  horsepower.  To  allow  for  losses 
between  the  shaft  and  the  dynamo  terminals,  the  horsepower 
may  be  divided  by  .9  to  give  the  brake  horsepower  of  the 
turbine. 

The  use  of  the  curve  in  Fig.  2  may  be  illustrated  by  the 
following  example: 

EzAMPLB.— Estimate  the  total  steam  consuniption  per  hour  ot  a 
condeasio);  steam  turbine  of  310  kilowatts  full-load  capacity. 

SoLtTTlON.—         310  +  .746  '=  416  H.  P..  nearly 

416  +  .9  =  4R2  brake  H.  P.,  nearly 

On  the  Hue  OX.  Pig.  2,  locate  the  point  a,  for  462  as  showo. 
Dravr  the  line  a  b  parallel  to  O  >',  intersecliDg  the  curve  in  the  point  b, 
and  then  from  b  draw  be  parallel  to  OX,  intersecting  OV  in  t. 
Then,  the  steam  required  per  brake  horeepowerper  Eour  is  represented 
by  the  disinnt-e  Oc.  which  is  about  I(i  lb.,  to  the  scale  marked  oo 
the  lice  O  y.  The  total  amt^unt  of  steam,  therefore,  that  is  required 
by  the  turbine  per  hour  is 

16  X  462  =  7.392  lb.     Ans. 


EXAMPLES    FOR    PRACTICE 

1.  Find  the  heat  contents  of  1  pound  of  steam  at  a  pressure  (rf 
IJJO  puunds  per  square  inch  uiid  superheated  to  5'iU^  F. 

Ans.   1,286  B.  T.  U. 

2.  Find   Che  hciit  contcnln  of  1   pound  of  steam  at  a  pressure  of 
2  pounds  per  square  inch.,  absolute,  ami  a  quality  of  R3  per  cent. 

Ads.  M7  B.  T.  U. 

3.  Find  the  volume  of  the  pound  of  steam  in  example  1. 

Ana.  3.84-»  cu.  ft.,  nearly 

4.  Find  the  volume  of  the  pound  of  steam  in  example  2. 

Ans.  144  cu.  ft.,  nearly 


*The    kilowatt    is   a   unit    of    measurement   for   electrical   power; 
1  horsepower  is  equal  to  ,741>  kilowatt. 
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5.  If  the  pound  of  steam  in  example  1  expands  adiabattcally  to 
S  pounds  per  square  inch:  (a)  what  is  its  quality  in  the  final  state? 
{d)  what  is  ita  Baal  heat  coDteDt£?  {£}  what  is  its  final  volume? 


\{a)  .873 
Ans.ji*)  996  B.  T.  U. 

\{c)  lai.Sfl  cu.  ft. 


fl.  From  the  change  in  heat  contentH  of  superheated  steam  from  a 
pressure  nf  2CX)  pounds  per  sf^uare  inch  and  5.'iO°  F.,  to  3  pounds  per 
square  inch,  absolute,  find:  (u)  the  theoretical  work  per  pound  of 
steam;  {d)  the  theoretical  steam  consumption  per  horsepower  per  hoor. 

^°*-\(6)  «.2J»  lb.,  nearly 

7.  If  the  brake  efficiency  in  example  6  is  .59,  find:  (a)  the  effect- 
ire  work  per  pound  of  steam;  (6)  the  steam  consumption  per  brake 
horsepower  per  hour.  -__  i  {a)  140,111!*  ft. -lb, 

•^■^^■1(4)    U.On  lb.,  nearly 


FLOW  OF  STEAM  TOROlTCn  XOZZLE8 
8.  Velocity  of  Steam. — Suppose  steam  to  flow  through 
a  nozzle  or  channel  from  a  region  of  higher  pressure  Px  to 
one  of  lower  pressure  p,.  If  the  expansion  rs  adiabatic 
and  there  is  no  friction,  the  drop  in  heat  contents  //,  —  //,  is 
used  in  increasing  the  kinetic  energy  of  the  jet  of  steam.  It 
may  be  assumed  that  the  velocity  of  the  steam  at  the  entrance 
lo  the  nozzle  is  small  and  consequently  may  be  neglected. 
If  f,  denotes  the  theoretical  velocity  with  which  the  steam 
emerges  from  the  nozzle,  then,  by  the  principles  of  mechanics, 

the  kinetic  energy  per  pound  of  steam  is  -—  foot-pounds. 

This  is  the  precise  equivalent  of  the  theoretical  work  of  the 

heat  given  up  during  expansion;  hence,  substituting— °- for  W 


in  formula  1,  Art.  5, 

2ir 


2ir 


=  778(Ar.  -  M) 


or,  as  ^  =  32.16,  the  equation  may  be  reduced  to 

Co  =  <G4^32x778iN,  -//.)  =  223.7  V7/,  -  //, 

The  heat  drop  //",  —  ff,  for  a  given  adiabatic  expansion  is 
readily  found  from  the  Heat  Chart. 

Example, — Find  the  theoretical  velocity  that  will  be  fi:enerated  by 
the  adiabatic  expansioo  of  steam  in  a  ncnle  from  a  pressure  of  150 
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pounds  per  square  inch,  absolute,  and  superheated  to  OQO**  P.,  to  i 
pressure  of  2.5  pounds  per  square  inch,  absolute. 

SouiTiON.— Reference  to  the  iieat  Chart  will  show  that  Hi-H, 
—  310  B.  T.  U.;  heuce.  applyiof;  the  formula, 

f,  -  223.7  VM  -  //,  =  223.7^310  =  ZSQQ  fi.  per  sec,  nearly.  Ans. 
To  reduce  the  work  of  calculation,  a  velocity  scale,  calculated  by 
this  formula,  has  been  added  at  the  right  of  the  Heat  Chart,  by  mcau 
of  which  the  slcam  velocity  may  be  laid  off  directly.  The  di!>lancc 
^  that  measures  the  heat  drop  //,  —  //,  along  a  line  of  adlabatic  expan- 
sion is  laid  off  from  the  top  O  of  the  velocity  scale,  down,  and  the 
velocity  is  read  off  directly  from  the  scale  in  feet  per  second. 

ItaTi:,  ~  In  tlif«  example.  Ibe  heat  drop  U  SIO  RrilUh  ihemiAl  unitn.  LajHnc  off.  on 
llie  velocltv  hole,  the  dimuice  thai  rvprcmcDlfl  310  Urllitl)  tbermiU  oniti,  ib*  rclodtr 
la  round  to  bn  alxiut  ll.MO  Iret  per  second,  whicb  dlflera  bni  alijthtlir  trom  thai  i»vaA 
liy  caJculatioa. 

9,  Friction  In  Nozzles. — Ftictionless  flow  of  steam 
through  a  nozzle  is  never  attained  in  practice.  There  is 
always  some  friction  between  the  steatn  and  the  nozzle  walls. 
and  thi.s  causes  a  reduction  in  the  final  velocity  of  the  steam. 
The  friction  of  the  steam  in  the  nozzle  generates  beat,  most 
of  which  is  returned  to  the  steam,  raising  its  quality.  Hence. 
the  friction  work  is  not  entirely  lust.  Reliable  data  on  the 
friction  of  steam  in  nozzles  are,  however,  lacking.  Prom 
the  few  experiments  that  have  been  made,  it  is  probably  safe 
to  assume  a  frictitm  loss  of  10  per  cent,  of  the  total  heat 
drop  as  an  avcraije  value  for  nozzles. 

Friction  losses  in  nozzles  may  now  be  readily  taken  into 
account  in  using  the  Heat  Chart.  The  manner  of  doing  this 
is  shown  in  Fig.  3,  which  represents  a  portion  of  the  Heat 
Chart.  Suppose  the  point  A^  on  the  pressure  line/,,  to  repre- 
sent the  initial  condition  of  the  steam,  when  each  pound 
contains  //.  British  thermal  units.  Adiabatic  expansion  to 
the  final  pressure  p,  gives  the  lower  point  B  where  the  verti- 
cal adiabatic  line  A  li  crosses  the  pressure  line  ^,.  From  B 
lay  o^  B  C  =  h  A  B  upwards  to  represent  the  friction  loss 
in  British  thermal  units;  and  from  C  draw  the  horizontal 
line  CD  intersecting  the  line  p^  at  /A  Then,  the  distance  AC 
on  A  B  represents  the  net  drop  in  heat  contents  per  pound 
of  steam  in  expanding  adiabatically  through  a  nozzle  from  A 
to  p,  with  a  friction  loss  CB.    If  A  C  is  laid  off  on  the  velocity 


contents  and  as  to  dryness.  It  will  be  observed,  by  referring 
to  the  quality  lines  through  B  and  /^,  Fig.  3,  that,  while  B  and  D 
are  both  on  the  pressure  line  ;>„  D  represents  a  higher  quality 
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or  a  dryer  state  than  B,  This  is  because  the  work  of  friction 
has  evaporated  some  of  the  moisture  that  was  produced  br 
the  expansion. 

The  ratio  between  the  actual  velocity  f,  and  the  theoretical 
frictionless  velocity  r,  may  be  obtained  as  follows:  Let  m 
represent  the  fraction  of  the  heat  drop  Ht  —  //,  lost  by  fric- 

BC 

tion;  that  is,  m  is  the  ratio  -r^.  Fig.  3.     Then,  from  the 

A  B 

kinelic-energy  formula  for  I  pound  of  steam, 

or  c,  =  c,  Vl  —  m  (1) 

Taking  the  friction  loss  m  as  .10,  sX  —  m  —  .95,  nearly, 
Hence,  in  most  cases,  it  will  be  proper  to  assume  a  loss  ol 
5  per  cent,  of  the  velocity  in  the  passage  through  the  nozsle. 
and  formula  1  will  become 

f.  =  .95  u  (2) 

Then,  by  the  formula  of  Art.  8, 

f.  =  .95  X  223.7  \7/.  -  H^  =  212.5  V//.  -  H.  (8) 

ExAUPLB. — Fidd  the  actaal  velocity-  of  exit  o£  the  steam  from  a 
DOUle  when  ihe  initial  state  of  the  steam  Is  a  pressure  of  1-iO  pounds 
per  square  Jncb,  absolute,  superheated  to  (iOU°  P.,  and  the  Bnal 
state  Is  2.5  pounds  per  square  inch,  absolute,  the  heal  Iors  due  lo 
friction  being  .1. 

SoLimoN. — The  heat  drop  is  found  from  the  Heat  Chart  to  Im 
Ht-  H,  =  310  B.  T.  U.  per  lb.     Hence,  applying  formula  ."J, 
r,  =  212.&V316  =  a.741  ft.  per  sec.,  nearly.    Ans. 

10,  Nozzle  Cross-SeetlonB. — The  factors  that  enter 
into  the  determination  of  the  proper  cross-section  of  a  steam 
nozzle,  at  any  point  of  its  length,  arc  the  pressure,  the 
resulting  jet  velocity,  the  weight  of  steam  flowing  per 
second,  and  the  specific  volume  of  the  steam. 

RcfcrriiiE  to  Fig.  3,  let  a  curve  be  drawn  from  W  to  ^  by 
locatint  other  points  in  the  same  maimer  as  that  in  which/? 
was  found.  This  curve  will  represent  the  successive  con- 
ditions of  the  steam  in  its  expansion  in  the  nozzle.  Thus, 
at  some  intermediate  pressure  ^,  the  point  E  will  represent 
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the  condition  of  the  steam  and  will  show  whether  it  is  super- 
heated or  contains  moisture.  If  E  is  projected  horizontally 
to  G,j4  G  gives  the  drop  of  heat  contents;  and.  if  laid  off  on 
the  velocity  scale,  gives  the  ve]ocity  of  the  steam  at  the 
cross-section  at  which  the  pressure  is  p'.  Now,  let  /^denote 
the  area  of  the  cross-section  of  the  nozzle,  and  f^'the  volume 
of  1  pound  at  the  pressure  /'  and  condition  denoted  by  the 
point  £".  The  volume  may  be  found  by  the  formulas  of 
Art.  4,  The  volume  passing  any  cross-section  is  equal  to 
the  product  of  the  area  of  the  cross-section  and  the  velocity. 
It  is  also  equal  to  the  number  of  pounds  of  steam  flowing 
per  second  multiplied  by  the  volume  per  pound. 

Let     G  =  number  of  pounds  of  steam  flowing  per  second; 
V  =  volume  of  1  pound,  in  cubic  feet; 
Ct  —  velocity,  in  feet  per  second; 
F  =  area  of  cross-section,  in  square  feet; 
/s  =  area  of  cross-section,  in  square  inches. 
Then.  Fc^  =  Gv 

Hence, 


or    Fi 


(when  /'is  in  square  feet) 

(when  Fi  is  in  square  inches) 


CD 


In  these  formulas,  G  must  be  known,  v  found  from  the 
condition  of  the  steam,  as  indicated  by  the  point  F  of  Fig.  3, 
or  on  the  Heat  Chart,  and  r,  found  by  laying  off  A  G  on  the 
velocity  scale.  In  this  way,  the  area  of  the  cross-section  of 
the  no7.Kle  can  be  found  for  any  number  of  pressures  between 
the  initial  and  the  final  pressures. 

ft  is  not  customary  to  apply  this  method  for  all  the  cross- 
sections;  but  if  it  is  carried  out,  one  peculiar  thing  will  be 
noticed.  The  cross-section  will  be  a  minimum  at  the  point 
where  the  pressure  is  .57  of  the  initial  pressure.  Thus,  for 
an  initial  pressure  of  100  pounds,  absolute,  the  smallest 
section  or  throiit  of  the  nozzle  will  be  at  a  pressure  of 
57  pounds.  In  the  foregoing  statement,  it  is  assumed  that 
the  final  pressure  is  less  than  57  per  cent,  of  Oie  initial  pres- 
sure.    If  this  is  not  the  case — that  is,  if  the  drop  in  pressure 
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through  the  nozzle  is  small,  as  in  multiple-stag^  turbines 
— the  walls  of  the  passage  will  converge  and  the  smallest 
section  will  be  at  the  outlet  end.  Slated  in  brief,  if  p*  is 
less  than  .57  /..  the  nozzle  must  have  a  throat  and  after- 
wards diverge  as  shown  in  Fig.  4;  but  if  p,  is  greater  than 
.57  p„  the  passage  merely  converges,  as  shown  in  Fig.  5. 


PiO.4 


Fig  6 


Let    ;*.  =  initial  pressure,  in  pounds  per  square  inch; 
^  =  throat  pressure,  in  pounds  per  square  inch. 
Then,  the  statement  of  the  throat  pressure  can  be  expressed 
as  follows: 

>/  «  .67A  (2) 

11,  Construction  of  the  Nozzle. — In  practice,  the 
noaszle  is  bored  out  with  a  uniform  taper,  or  conical,  for  the 
part  in  which  the  expansion  takes  place.  This  is  shown  in 
Fig.  4,  where  the  taper  is  uniform  from  the  throat  a  to  the 
outlet  d.  The  area  of  cross-section  of  the  nozzle  at  the 
throat  is  determined  from  the  pressure  p'  of  formula  2, 
Art.  10,  and  at  the  large  end  it  is  found  from  the  final  pres* 
sure  pm,  and  the  final  condition  represented  by  the  point  D, 
Fig.  3.  The  resulting  conical  form  of  nozzle  gives  good 
results  if  the  axial  IcngUi  of  the  nozzle  is  not  too  short.  On 
the  other  hand,  too  long  a  nozzle  produces  excessive  loss  by 
friction.  The  best  length  of  nozzle  is  a  matter  for  experi- 
mental determination.  Such  a  length,  however,  as  will  give 
an  angle  of  about  10°  between  the  sides  of  the  conical  part 
of  the  nozzle  is  considered  satisfactory  and  will  be  used 
here.  A  sharper  divergence  of  the  sides  of  the  nozzle  is 
liable  to  cause  the  stream  of  steam  to  separate  from  the 
sides  of  the  nozzle  and  produce  eddies. 

Let  o  =  diameter,  in  inches,  at  the  large  end,  or  the  out- 
let diameter; 
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b  =  diameter,  in  inches,  of  the  throat; 
c  =  angle  between  opposite  sides  of  the  nozzle; 
L  =  length  of  nozzle,  in  inches. 
The   length    of    the   nozzle    in    the    tapered    portion 
expressed  by  the  formula 

cb 


IS 


L  = 


2  tan  I 


(1) 


When  the  angle  c  is  made  10",  the  formula  reduces  to 

L  =  5.715((7-i)  (2) 

[n  either  of  these  formulas,  L  may  be  in  other  units  than 
inches  when  o  and  b  are  in  the  same  units;  that  is,  o^  b^  and  L. 
must  always  be  in  the  same  units.  .- 

Example. — Let  it  be  recjtitred  to  determine:  (a)  the  outlet  diam- 
eter, [b)  the  throat  diameter,  and  (c)  the  length  of  a  tiozrle  to  deliver 
nS2  pounds  of  steam  per  hour.  The  inittal  pressure  of  the  steam  is 
J50  pounds  per  square  inch  gauge  and  superheated  to  480^  F.  The 
pressure  at  the  outlet  is  'Z  pounds  per  square  inch,  absolute.  The 
energy  toss  due  to  friction  Is  10  per  cent. 

SoLtrrioN. — (a)  The  initial  pressure,  atisolute.  is 
ISO  +  n."  lb.  ^  184.7  lb.  persq.  in. 

From  the  Heat  Chart,  locale  the  initial  point  and  drop  a  vertical 
line  to  the  final  prciwurc,  as  shown  in  Fig.  (i  at  A  B.  The  point  A  is 
where  the  1H4.7-Ib.  line  trusses  the  480"  line;  the  observed  contained 
heat  at  this  point  is.  from  the  Heat  Chart.  H^  =  1.2.M  B.  T.  U.  The 
point  B  is  on  the  2-Ib.  line,  and  by  its  position  shows  that  the  final 
heat  contents  after  adiabatic  expansion  Is  948  B.  T.  U.  Hence,  the 
heat  drop  is  //,  ^  H,  ^  'Mi  B.  T.  U.  The  friction  loss  is  303  X  .1 
-  .30.3  B.  T.  Lf.  This  is  laid  off  from  S  upwards  to  C;  then,  by 
projecting  horixontally  to  the  2-lb.  line,  the  point/)  is  located,  showing 
the  final  quality  to  be  nearly  .86  dry  steam.  The  heat  available  for 
increasing  the  velocity  is  .S03  -  30.3  =  273  7  B.  T.  U.  Laying  this  off 
on  the  velocity  scale  in  Fig.  6  from  0  downwards,  the  exit  velocity  is 
found  to  be  3,690  ft,  per  sec.  From  Table  I,  the  volume  of  1  lb.  of 
steam  at  2  lb.  per  sq.  in.,  absolute,  is  173.6  cu.  ft.  Hence,  the  volume 
for  a  quality  of  .86  is  from  formula  1,  Art.  4, 

t,  =  ;r  K  =  .86  X  173.6  =  149.296.  say,  149  co.  ft. 

Then,  applying  formula  1,  Art.  10,  in  which  G  =  ^^-.j-g^;  v  =  H9; 

and  <-,  =  3,690, 

144  Cf       144X962X149 


1X60' 


F,= 


Cx 


60  X  60  X  3.690 


=  1.5661  sq.  to. 
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If  the  tiosle  is  circular,  the   diameter  that  wilt    jpve  this  cross- 
section  1b 


Fit-,,  fi 


{d)     Applyinjj  formula  2,  Art.  1(),  the  throat  pressure  is 

f,'  =  .ri7  X  lt>4.7  =  it;t.S7!»,  say  94  11).  per  sq.  in. 
To  K*^t  the  throat  cross-section,  locate  the  point  E  on  the  94-lb.  line 
in  Fig.  ft.   in  the   same   manner  as   the  point  I?  was   located    on   the 
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2-lb.  line.  This  point  is  fonod  to  be  in  (be  superheated  region  at  a 
temperature  of  about  380°  F.,  or  840"  absolute.  Then,  (rom  formula  2, 
Art.  4,  the  volume  p,  per  pround  is 

f,  =  .591  X  ~  -  .135  =  .591  X  ^,-  -   LIS  =  5.146  cu.  ft. 
ft  w4 

For  this  part  of  the  expansion— that  is,  for  A  G — the  heat  drop  is, 
by  measurement,  found  to  be  46  B.  T.  U.;  while,  from  the  velocity 
scale,  the  corresponding  velocity  is  (ound  to  he  1,620  ft.  per  sec.  Or, 
by  taking  the  total  heat  drop  A  H  =  X\\  B.  T.  U.,  and,  lining  for- 
mula 3,  Art.  »,  jTi  =  212.5  V.'ii  =  1,51S  ft.  per  sec.  Hence,  by 
applying  formula  1,  Art.  10,  for  the  throat, 


144 J7  V  ^  144X982X5.146 


.133  sq.  in.,  nearly 


Hence,  for  a  circular  nozxle,  the  diameter  is 
*"\/:^  "  .4115.  say  .41  in. 


Ang. 


(c)     In  order  to  find  the  length,  apply  formula  2, 
L  =  5.716(1.4211  -  .4116)  »  5.77,  aay  5|  in. 


Ant. 


KXAMPt-KS    FOR    PRACTIOF 

1.  Find  the  theoretical  velocity  that  will  be  developed  by  the 
adiabatic  expansion  of  steam  in  a  noTzle  from  a  pressure  of  2CX)  pounds 
per  square  inch,  absolute,  and  superheated  to  700*'  F.,  to  a  pretisure  of 
1  pound  per  square  toch,  absolute.  Ans.  4,480  ft.  per  sec.,  oearly 

2.  Find  the  actual  velocity,  in  example  1 ,  when  the  heat  loss  due  to 
friction  is  10  per  cent,  of  the  heat  drop.     Ans.  4,256  ft.  per  sec.,  nearly 

3.  Find  the  outlet  diameter  of  a  nozzle  to  deliver  5  pounds  of  steam 
per  minute  from  a  pressure  of  17.^  pounds  per  square  inch,  absolute, 
and  superheated  to  550'^  F.  and  expanding  lo  a  pressure  of  2  pounds 
per  square  inch,  absolute.  Ans.  f  in.,  nearly 

4.  Find  the  throat  diameter  for  the  nozzle  in  example  %. 

Ads.  \  in.,  nearly 

6.    Find  the  length  of  the  nozzle  in  examples  3  and  4. 

Ans.  2J  in.,  nearly 


ACTION  OF  THE  JET  ON  THE  BUCKETS 
12.  Velocities  to  he  Considered.— In  connection  with 
the  probleins  relating  to  the  action  of  a  jet  of  steam  on 
the  buckets  of  a  turbine,  there  are  three  velocities  that 
should  be  considered;  namely,  the  velocity  of  the  steam 
relative  to  the  nozzle,  that  is,  the  absolute  velocity  of  the 
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jet;  the  velocity  of  the  bucket  itself;  the  velocily  of  the  jet 
relative  to  the  moving  bucket. 

Let  £,  =  absolute  velocity  of  jet  as  it  enters  wheel  cham- 
ber, in  feet  per  second; 
«  =  velocity  of  bucket,  in  feet  per  second; 
u'i  =  entrance  velocity  of  jet  relative  to  bucket,  in 

feet  per  second; 
zf,  =  exit  velocity  of  jet  relative  to  bucket,  in  feet 

per  second; 
c,  =  absolute  velocity  of  steam  as  it  leaves  turbine 

buckets,  in  feet  per  second; 
a,  —  angle  between  c,  and  «; 
<r,  =  angle  between  w,  and  u; 
a,  =  angle  between  t,  and  «; 
f,  =  angle  between  rr,  and  «. 
The  relation  between  these  velocities  is  shown  in  Fig.  7. 
The  velocity  r,  of  the  steam  jet  leaving  the  nozzle  is  laid  off 
to  some  convenient  scale  from  ,4  to  B,  making  the  angle  a, 
with  the  plane  of  the  turbine  wheel.  Then,  the  velocity  w  of 
the  turbine  buckets  is  laid  ofT  from  JS  to  D  to  the  same  scale 
as  f,,  making  the  angle  A  8 D  equal  lo  a,  and  having  the 
direction  DB,  as  indicated  by  the  arrowhead.  The  closing 
side  ^Z?  of  the  triangle  gives  the  velocity  if,  of  the  jet' 
relative  to  the  buckets.  The  angle  A  D  F,  ^  r,  gives  the 
angle  between  Wx  and  //.  This  is  based  on  the  principles  oi 
the  resolution  of  velocities. 

When  the  velocities  r,  and  n  and  the  angle  a,  are  known, 
the  velocity  7V-,  and  the  angle  ^.  may  be  found  by  the  follow- 
ing formulas  derived  from  trigonometry: 

2X',  =  Ac*  +  u*  —  2c,u  cos  a,  (1) 

aod  Ct  sin  a,  =  uu  sin  ^, 

/:,  sina, 


or 


stn  ^,  = 


w. 


<2) 


As  the  steam  jet  passes  through  the  whee3,  its  direction 
is  changed  by  the  curved  surfaces  of  the  buckets,  and  the 
final  velocity  of  the  steam  relative  to  the  buckets  is  given 
by  7V„  Fig.  7,  laid  off  from  A  to  F,  making  the  angle  <".  with 
the  plane  of  the  turbine  wheel.    The  angle  ^,  depends  on 
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the  angle  of  the  exit  side  of  the  bucket.  In  this  case,  it  is 
assumed  that  the  angles  of  the  bucket  on  the  entrance  and 
exit  sides  are  the  same  and  e,  is  made  equal  to  (?,.  Without 
friction,  w,  ^  w,.  The  final  absolute  velocity  c  is  found  by 
the  graphic  method,  by  laying  off  /"^G  =  u  from  the  end  of 
w„  and  completing  the  triangle,  when  A  G  =  c. 

The  final  velocity  r,  may  be  calculated  by  a  formula  similar 
to  formula  I, 

c,  =  \w,' -|- k'— 2  0-, Kcos^r,  (3) 

The  angle  a,  may  be  found   from   a  formula   similar    to 
formula   2, 

w,  sin  e,  =  c,  sin  a, 
w,  sin  £, 


or 


sin  a.  - 


(4) 


1 


Fia.  7 

BxASfPLE.— Steam  at  a  velocity  of  3,000  (eet  per  second  enters  ft 
turbine  wheel  at  an  angle  of  20°;  the  angles  e,  and  r,  of  the  turbine 
backets  are  equu).  Find:  (a)  the  final  Absolute  velocity  nf  the  steam 
if  «  =  1,2(H)  fbet  per  secoutl.      \f>)  the  exit  angled,  of  the  sleara. 

SoLunoK.— (ft)  Applying  formnlft   1,  r,  ^  3,000;    u  >  1,200;  and 
cos  at  -  008  20"  «  .9396©.     Hence, 
»i  —  Vf  1*  +  «'  —  2  f ,  «  cos  «, 

-=  V(3,000)M^  TT.SOb)*  -  2  X  3,000  X  1.300  X  .93968 
=  l.i»I7  ft.  per  sec.f  nearly 
Prom  formula  3, 


c,  sin  a, 

sm<r,  =  - — 


3.000  X  .W202 


w,  i.917 

Hence,  ^,  =  32'*  21'  36",  and  cos  tf,  =  .&W70. 
Next    apply    formula    3,    with    r,  =  r,;  cosf, 

1.917;    and    u  =  l,2(t0.     Then. 
c,  =  Vw,'  +  «•  -  2  K',  «  COS  e. 


=  .53524 


.84470;  »,  =  w, 


V(1,»I7)'+  (1.200)'  -  2X  1,917  X  1,300  X  .84470 
1,108  ft.  per  sec.     Ans. 
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id)    Applying  formula  4,  with  w*  «  1,017;  r,  =  1,]08;  and  sior, 
«-  .63521. 

.in.,    „  ».«ing.       1.917  X.&'»24  _    ^^ 
sm  a, ^^— :^-^ :  .93804 

Hence,  a,  =  67'  49'  33".    Ana. 

13,     Voloc'ltlPH  with   Frirtlon  Considered.— In  the 

actual  How  of  the  steam  through  turbine  buckets,  there  is  con- 
siderable decrease  of  the  theoretical  velocities  on  account  of 
the  friction  between  the  steam  and  the  blades.  The  amount 
of  this  friction  is  uncertain;  but  if  friction  factors  are  assumed 
it  is  possible  to  allow  for  friction  in  the  velocity  diagrams,  as 
shown  in  Fig.  S.  The  theoretical  frictionless  velocity  is  laid  ofi 


T 


^ 


Tig.  « 


The  actual  velocity  on  leaving  the  nozzle 


from  O  equal  to  r,,. 
is,  from  Art.  9t 

c,  =  f  ♦  Vl  —  w  ( 1 ) 

As  before,  w,  is  readily  found  by  laying  off  w  and  com- 
pleting the  trianele.  Without  friction,  tp,  =  w,*,  but  with  fric- 
tion Wt  is  decreased  to  the  smaller  velocity  m/.     In  general, 


=    vfrzf, 


(2) 


in  which  k  »  friction  factor  varying  from  .8  to  possibly  .95. 
The  final  velocity  <-,  is  found  by  laying  off  «  from  u\'  and 
completing  the  triangle.  In  the  examples.  /•  will  be  taken  as  .9. 
When  the  velocities  r,  and  m,  the  angle  a,,  and  the  coefficient* 
are  known,  it  is  possible  to  calculate  the  final  velocities  as  in 
Art.  1 2.  The  formulas  for  «•,  and  sin  <?,  apply  without  change; 

that  is,  

w,  «  '^tT+  «'  —  2r,  w  cos  a, 


and 


sm  Ci  = 


c,  sm  g, 


(3) 
(4) 
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The  formulas  for  <,  and  sin  a,  become 

f ,  =  V(.9ffl',)'  +  tt'  -  1.8  Iff,  tt  cos  e» 


and 


sing,  ^    9  a^.  sin  IT, 


ExAMPi^. — Sotve  the  example  of  Art.  12  when  an  allowance  is 
madt:  for  frictloQ. 

SoLmoN.—    f,  =  3,000  ft.  per  sec;  a,  =  20";  u  =  1,200  ft.  persec. 
Ab  the  formula  for  w,  does  not  change,  if,  =  1,917  ft.  per  sec;  sin  rf, 
=  .53524;  and  cos  €,  =  .84470.     Hence,  to  find  f.,  apply  formula  A, 
c,  =  VC-Oa*.)'  +  «•  -  I.Bu«t  «  COST, 

=  V(  .9~X  ITOI"-)'  +(i;200)'  "  1.8  X  I.»17~X  1.200  X^^TO 
=  ft58.8  ft.  per  sec. 
Applying  formula  6, 

.9  Wt  sin  ti       .9X1 .917  X  .53524 


Kin  u. 
Hence,  a,  =  74*  23'  38".    Ans. 


958.8 


.96313 


14.  Work  of  the  Jet.— By  giving  up  its  enerey,  the 
jet  of  steam  that  enters  the  turbine  does  work  in  turning 
the  turbine  wheel.  As  the  condition  of  the  steam  at  entrance 
and  at  exit  is  known,  it  is  desirable  to  derive  some  basis 
for  calculating  the  work  done.  Work  is  expressed  in  foot- 
pounds and  signifies  force,  in  pounds,  acting  through  a  dis- 
tance, in  feet.  The  force  that  the  steam  exerts  on  the  turbine 
buckets  is  that  due  to  the  change  in  its  velocity  in  the  direc- 
tion of  motion  of  the  turbine  wheel.  It  is  known,  from  the 
principles  of  mechanics,  that  force  equals  mass' multiplied 
by  acceleration.  Referring  to  Fig.  7,  it  will  be  seen  that  r/ 
is  the  component  of  c,  in  the  direction  of  motion  of  the 
turbine  wheel,  and  that  r,'  is  the  component  of  r,  in  the 
same  direction.  As  c,  and  c,  are  velocities  in  feet  per  sec- 
ond, and  ^,'  and  e,'  are  opposite  in  direction,  cZ-^c,'  is  the 
change,  in  feet  per  second,  of  the  component  of  the  veloc- 
ities c,  and  r,  in  the  direction  of  motion  of  the  turbine 
wheel.  Acceleration  is  change  in  velocity  per  second; 
hence. /-/ -f- r,'  is  the  acceleration  of  the  steam,  in  feet  per 
second  in  the  direction  of  the  moving  buckets.     The  mass  of 

1  pound  is  -;  hence,  the  force  exerted  by  1  pound  of  steam 
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having  its  velocity  changed  from  r,  to  c,,  as  shown  in  Fi^.T 

and  8.  is  ^^~±^. 
g 
Let   P  =  force,  in  pounds,  exerted  by  1  pound  of  steam; 

g  =  acceleration  of  gravity  =  32.16; 
c,*-^c,'  =  acceleration; 

IVt  =  work  of  1  pound  of  steam  in  1  second^ 
M  =  velocity  of  turbine  buckets,  in  feet  per  second. 
f,'  and  r,'  may  be  found  from  c,  and  f,  when  cos  a,  and 
cos  a,  are  known  (see  Figs.  7  and  8).     Thus,  f/  =  f.  cos  a, 
and  c*  —  Ct  cos  a.;  hence, 

f,'  +  r/  =  f,  cos  a,  +  c,  cos  «,  (!) 

The  force  /*  exerted  by  1  pound  of  steam  with  the  accel- 
eration {■,'  +  ft'  is 

P  «  t;!jL?L  -  <^i  C08  g.  +  c.  cos  g,  /gj 

This  pressure  of  the  steam  acts  on  the  turbine  buckets, 
moving  them  w  feet  in  I  second;  and.  as  the  force,  in  pounds, 
multiplied  by  the  distance,  in  feet,  through  which  the  force 
acts  gives  the  work,  in  foot-pounds, 

W  -=/'«  =  w(f/  +  <•/)  _  K  U,  cos  a.  +  ft  cos  g.)  i^x 

JT  .  S 

For  accurate  results,  friction  should  be  taken  into  account 
in  finding  r/  and  r/.  This  formula  applies  equally  well  to 
velocity  and  to  pressure  turbines. 

ExAMfi-K. — What  is  the  work  n(  I  pound  of  steam  expaadioi; 
tbrouKh  a  uoasle  from  a  pressure  of  150  pounds  per  square  inch. 
absolute,  and  a  temperature  of  (iOO^  F.,  ta  an  absolute  pressure  of  2.5 
pounds  per  square  inch  tiawint;  into  a  turbine  at  an  an};le  of  IM",  while 
ihe  turbine  runs  at  1.40(1  ftet  per  second?  The  angles  of  the  tarbine 
blades  are  the  same  on  both  the  eutranci.-  und  the  exit  sides. 

SoLtJTiON.— The  heat  drop  from  (he  Heat  Chart  is  Ht  ~  H,  =  310 
B.  T.  U.  In  the  example  oE  Art.  JK  the  velocity,  when  consideriDR 
(notion  in  the  noxzic,  was  found  to  be  r,  =  S,741  ft.  per  sec. 
Aagle  a,   =  20°.     Applying  fortuuU  3,  Art.   18, 

Wx    B    V^,*  ^.  M*  —  2r|  M  CUR  Uh 

»  V(3J41)'-f  (1,400)'- 2X^^.741  X  1.400  X  .93969 
«=  2,472  ft.  per  sec. 
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sin  ff, 


.rureo 


f|^io^«,  ^  3.741  X  .34202 
Wt       "  2.472 

Then,  cos  e,  =  cos  f,  —  .WtliGH. 

Taking  friclioD  iotn  account,  and  applying  formula  5,  Art.  13* 
Ct  =  •^i.QWt)'  +  u*  -  1.8  Wa  »  t:os  «■, 

=  V(T9X  2.473)*+ (1.400)' -  l.fix:;.472x  l.-IOOX  .85563 

=  l.lii"  ft.  per  sec. 
Applying  formula  6,  Art.  13, 


sin  Hi  = 


.97V,  wn  <■,        .9  X  2.472  X  ..'il'fiO 
1.267 


=  .91611 


1251b. 


Hence,  cos  a.  *  .40092. 

In  order  to  find  the  pres-sure  P,  apply  formula  2, 

f.  coan, +  f,  coso.       3.741  X  .t>3W9  +  1.357  x  .40092 
^"  ^  ""  32.16 

The  work  is  then  found  by  applying  formula  3, 

H\  ^  Pu  =  125  X  1,400  =  175.000  ft.-lb.     Ans. 

.  15.  Kfflciency. — If  I^  represents  the  theoretical  work 
of  the  jet,  then,  from  the  formulas  in  Arts.  5  and  8,  the 
theoretical  work  per  pound  of  steam  is 

W='^  (t) 

or  W  =  778(//. -//.)  (2) 

The  effective  work  at  the  brake  is  IK,  which  is  obtained 
from  formula  3,  Art.  14,  hy  subtracting  the  friction  of  the 
machine.  The  indicated  efficiency  /;',  is,  by  formula  3  of 
Art.  14  and  formula  1* 

(3) 


c> 


p       K(f .  COS  g.  -f  c,  cos g. )  _  wdr.  cos  g.  +  r,  cos  g.)     ^^j 
The  brake  efficiency  E»  is 


(5) 


EXAMPLH.— What  was  the  indicated  efficiency  In  the  example  of 
Art.   14? 


Solution.— Applying  formula  2  and  remembering  that  iV^ 
aad  that  /A  -  //.  =  310, 
ff'.         175.000 


£^.  = 


IT        778  X  310 


176,000 
.726,  or  72.6  per  cent.,  nearly.     Ads. 
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F.XAMPLES    r<^R    rRACTICE 

1.  Steam  isaues  from  a  nonle  witli  a  velocity  of  3,600  feel  per 
second,  and  enters  a  turbine  wheel  at  an  anf^le  of  20°.  The  turbioe 
buckets  arc  the  same  on  both  the  inlet  and  the  outlet  sides.  Ftod  the 
finnl  absoltite  velocity  of  the  steam  as  it  leaves  the  turbine  wheel,  it 
llie  turbine  wheel  runs  at  1,400  feet  per  sevunil  and  the  friction  u 
neglected.  Ads.   1,3<»2  ft.  persec. 

2.  What  is  the  final  velocity  in  example  1  when  the  friction  lo^l^H 
the  buckeu  is  10  per  cent.?  Ans.  1.173  ft.  per  tS^ 

3.  What  is  the  angle  between  the  steam  as  it  leaves  ttie  turbine 
blades  and  the  plane  of  the  turbine  wheel,  in  example  2? 

Ans.  T0»  61'  30" 

4.  Find  the  work  done  by  1  pound  of  the  steam  on  the  turbine 
buckets  in  example  2.  Ans.  164,000  ft. -lb, 

5.  What  is  the  indicated  efficiency  In  examples  2  to  4.  with  the 
theoretical  velocity  of  the  steam  3,800  feet  per  second? 

Ans.  78  per  cent. 

SINGLE-KXPANSION  TURBINE 

10.  The  first  item  needed  in  the  design  of  a  steam 
turbine  is  the  weight  of  steam  to  be  u.sed  per  hour.  The 
probable  steam  consumption  can  be  estimated  from  known 
results  obtained  from  similar  turbines.  The  curve  shown  in 
Fig.  2  may  be  used  as  a  rough  guide.  From  the  steam  con- 
sumption and  the  horsepower,  the  weight  of  steam  per  hour  i 
can  be  found.  The  initial  pressure,  the  degree  of  snperheat, 
if  any,  and  the  condenser  pressure  must  be  known.  Suitable 
friction  coefficients  based  on  experiments  with  existing  tur- 
bines should  be  assumed.  Knowing  the  steam  consumption 
and  the  horsepower,  a  convenient  number  of  nozzles  can  be 
chosen  and  the  weight  of  steam  flowing  through  each  nozzle 
found.  The  nozzle  calculations  can  then  be  carried  out  as  in 
Arts.  10  and  11. 

17.     Velocity  of   Steam  Relative  to  BueketB. — It  is 

now  necessary  to  determine  the  form  of  the  buckets.  This 
can  be  done  advantageously  by  laying  out  the  steam  and 
bucket  velocities  on  a  drawing  board  and  drawing  a  bucket 
larger  than  full  size.     The  line  dc,  Fig.  9,  represents  the 
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direction  of  motion  of  the  buckets  past  the  mouth  of  the 
nozzle,  aad  its  length  represents  the  linear  velocity  w  of  the 
mid-height  of  the  buckets  to  a  given  scale. 


Fig.  'j 

The  bucket  velocities  used  in  the  De  Laval  turbine  are 
shown  in  Table  II. 

TABLK   II 
BUCKET    VELOCITIES    IN     UK    LAVAL    TCRB1KE8 


Horsepower 
oE  Tnrbine 

Revolutions 
per  Minute 

Diameter  of  Wheel 

From  Center  to 

Center  of  Rladesi 

Inches 

Bucket  Velocity 
Feet  per  Second 

5 

30 

100 

300 

30,000 
20,000 
13,000 
10,600 

3<94 

8.86 
19.68 
29.92 

5»5.75 

773.18 

1,116.32 

i»383.84 

Referring  agftin  to  Fig.  9.  the  Vme5(f  represents  the  direc- 
tion and  linear  velocity  c^  of  the  steam  on  emerging  from  the 
i7»— a« 
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nozzle.  The  direction  is  that  of  the  axis  of  the  nossle,  and 
the  velocity  is  that  calculated  for  the  steam  at  the  outlet  of 
the  nozzle  and  is  laid  off  to  the  same  scale  as  u.  The  naczles 
in  the  De  Laval  turbine  are  so  placed  that  their  axes,  in  all 
sizes  of  turbines,  stand  at  an  angle  of  20°  to  the  plane  of  the 
wheel;  that  is.  the  angle  a,  between  u  and  c,  is  20*^.  As  in 
the  case  of  a  triangle  of  forces,  a  triangle  of  relative  veloci- 
ties may  be  drawn.  Complete  the  triangle  by  drawing  cd, 
this  side  represents  the  velocity  «%  of  the  steam  relative  to 
the  moving  buckets  to  the  same  scale  that  dc  represents  the 
velocity  of  the  turbine  and  6d  the  absolute  velocity  of  the 
steam.  The  backs  of  the  inlet  sides  of  the  buckets  should  be 
parallel  to  u\.  It  is  more  important  for  the  backs  of  the 
turbine  buckets  to  be  parallel  to  the  flow  of  the  entering 
steam  than  for  the  faces  against  which  the  steam  must  strike. 
If  the  steam  strikes  the  backs  and  is  deflected,  it  tends  to 
retard  the  turbine,  causing  loss;  but  if  it  strikes  the  faces, 
it  gives  energy  to  the  turbine  without  causing  loss. 

The  relative  velocity  w,  and  the  angle  *■,  that  this  relative 
velocity  makes  with  the  plane  of  the  wheel,  may  be  scaled 
approximately  from  the  drawing  or  calculated  by  trigonom- 
etry, as  in  formula  1,  Art.  12.  In  the  De  Laval  turbine, 
the  angle  r,  is  usually  about  30*'. 

When  the  angle  u.  is  taken  as  20°,  formula  1,  Art.  I2t 
becomes 

tt',  =  Vf/+  «•-  L87938  f, «  (1)  ^ 

The  angle  e,  is  found  from  its  sine  by  formula  2,  Art.  12; 
and  when  a  =  20°  the  formula  becomes 

si„,.  =  :3«02^  (2) 

Experimental  results  show  that  w.  the  velocity  of  the  turbine 
wheel,  should  not  exceed  1,4(K)  feet  per  second  in  practice. 

EXAMPLB.— ir  the  steam,  on  leaving  the  noxzle  of  a  turbine,  has  a 
velocity  of  3,021  feet  perseconcl.  and  the  velocity  of  the  turbine  backets 
is  1,260  feet  per  secontl.  with  an  .ingle  of  20°  between  the  axis  of  the 
nozzle  and  the  plane  of  the  lurbine  wheel,  what  is  the  velocity  of  the 
steam  relative  to  the  buckets,  and  what'  is  the  angle  that  the  backs  ol 
the  buckets  should  make  with  the  plane  of  the  wheel? 
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SoLCTiON.— ApplyioK  formula  1, 
Wx  =  <Cx*  +  «'  -  1.87938  Cx  u 

=  Vl37llI7&»"lT  1.587^600  -  1.87988  X  3.821  X  1.280 
=  2, -175  ft.  per  sec.,  nearly.    Ans. 
Then,  from  formula  2, 

.34202  c,       .34202  X  3.fi21 
«/,  J,47o 

H«nce,    from   tlie  Table  of  Natural   Sines,  the  angle  e^ 
nearly.    Ans. 

18.  Form  of  tho  Buckets. — In  the  design  of  buckets, 
it  is  castonftary  to  make  the  inlet  and  outlet  sides  of  the 
buckets  the  same  for  sing^le-stage  velocity  turbines.  This  is 
done  for  convenience  in  manufacturing:  ^nd  to  reduce  the 
end  thrust. 

Referring  to  Fig.  9,  the  line  de  is  drawn  from  d  parallel 
to  a,  and  w,  is  laid  off  below  de  on  di  equal  to  Wi,  the 
angle  edf  being  made  equal  to  the  angle  cde.  From  c, 
draw  ^^  at  right  angles  to  cd;  then,  with  ^  as  a  center,  draw 
the  arc  A  with  a  radius  r  slightly  less  thao  ce.  The  amount 
that  r  is  less  than  ce  is  for  the  purpose  of  giving  a  little 
thickness  to  the  edge  of  the  bucket;  this  amount  depends  on 
the  judgment  of  the  designer.  In  the  absence  of  better 
data,  r  may  be  taken  from  .95  to  .98  of  ce.  The  radius  r 
may  be  calculated  by  trigonometry.    Thus, 

2  cos  r, 
in  which    *»  =  a  constant,  varying  from  .95  to  .98; 
w  =  width  of  bucket,  in  inches; 
r  =  radius,  in  inches; 
ft  =  angle  between  a*,  and  u. 
The  curve  A  will  then  be  the  face  of  the  bucket.     While  this 
may  not  be  the  exact  theoretical  curve,  it  should  give  the 
desired  change  in  direction  to  the  flow  of  the  steam  without 
shock  or  excessive  friction.     The  thickness  /  is  next  deter- 
mined; this  depends  on  the  necessities  of  mechanical  con- 
struction  and   on   the   width   and   height   of    the   buckets; 
it  may  be  made  about  .2  the  width  of  the  bucket,  provided 
that  the  bucket  is  then  stiff  enough.     Tf  the  buckets  are  thick 
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enough,  the  stresses  in  them  will  be  small,  as  the  force  actioE 
on  each  bucket  is  small.  In  Fig.  9,^'^  is  .2r/,  and  the  radius 
r,  is  selected  so  that  the  arc^  is  drawn  tangent  to  a'j  and  ar,; 
r^/*  then  forms  tlie  outline  of  Uie  back  of  the  bucket. 

The  bucket  section  shown  in  Fig.  9  is  larger  than  that 
used  in  practice,  but  this  was  done  for  the  purpose  of  shov* 
ing  how  lo  get  the  outline  of  the  bucket,  and  it  may  be 
reduced  to  a  more  desirable  size  without  affecting  tbe 
principles  of  its  construction.  The  width  of  bucket  varies 
considerably  in  practice,  and  up  to  the  present  time  oo 
expression  for  this  dimension  has  been  formulated,  the 
designer  depending  on  bis  judgment.  The  practical  limits 
for  width  vary  from  .2  to  I  inch. 

Example.— I^t  it  be  required  to  draw  a  section  of  a  bucket  .5  ioeh 
wide  aad  .1  lacfa  thick,  when  the  steam  caters  the  wheel  at  an  aogle 
of  20**.  and  with  a  velocity  of  ^,ri21  feet  per  second. 

SoLvnoN.—Io  tbe  solution  to  the  example  of  Art.  17,  the  anf^e/, 
b  ,/  *    was  calculated  as  SO"*,     Two  parallel   lines  6c 

and  d^.  Pig.  10,  are  first  drawn,  at  a  distance 
of  tf  =  .&  inch  apart,  and  the  direction  of  jpi  at 
the  angle  r^  is  laid  off  from  f.  At  a  point  directly 
opposite  /.  the  direction  of  Uf,  is  laid  off  at  tbe 
angle  <■,  >=  ^,  to  dr.     The  position  of  the  center 


~ff 


"  Pio.  » 

Uoe  is  then  determined   by  the  intersection  of  w^  and   Wt,  and  r  is 
calculated  from  the  formula 
w 


■*.; 


=  .ns. 


a  .283  in.,  nearly,  say  A  JQ- 


'2co$ir,        ■  ■  2X  .SHfi 
The  thickness  /  is  then  laid  off  as  iS  in.  and  the  back  of  the  bucket 
completed  by  drawing  the  circular  arcjf  tangent  to  k\  and  »,. 

19.  Possa^e  lietween  Iliifkels  and  Uelg'ht  of 
BacketH. — In  Fig.  11  are  shown  two  buckets  on  an 
enlarged  scale.  The  thickness  /  beinj;  known,  the  distance  t/ 
between  the  buckets  should  be  assumed,  the  dimension 
being  based  on  data  determined  by  experiment,  so  as  lo 
secure  the  best  results.  The  distance  //being  determined,  a 
pair  of  adjacent  buckets  should  be  drawn  to  scale  and  the 
perpendicular  distances  d,  and  d,  between  the  buckets  at 
the  points  where  the  steam  enters  and  leaves  the  wheel, 
respectively,  should  be  measured. 
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Let   0  -  diameter,  in  inches^  of  nozzle  at  outlet  end; 

d  =  length,  in  inches,  of  space  between  buckets  at 

mid-height  (see  Fig.  11); 
/  =  thickness,  in  inches,  of  buckets  at  mid-heigbt; 
h  =  height,  in  inches,  of  buckets; 
Ct  =  velocity,  in  feet  per  second,  of  steam  on  leaving 

nozzle; 
zf,  =  velocity,  in  feet  per  second,  of  steam  relative  to 

buckets; 
fli  —  angle  between  center  line  of  nozzle  and  plane  of 

turbine  wheel,  usually  taken  as  20°; 
D  =  diameter,   in  inches,   of  turbine  wheel  at   mid- 
height  of  buckets; 
»  =  number  of  buckets  in  complete  circumference. 
The  position  of  the  nozzle  in  relation  to  the  turbine  buckets 
is  shown  in  Fig.  12.     The  nozzle  is 
shown  at  m.  the  buckets  at  d,  the 
iiDgle  that  the  nozzle  makes  with 
the  buckets  at  a.,  and   the  outlet 
diameter  at  o.   The  section  sho\vn  is 


Pici.  11  Pio.  12 

taken  through  the  axis  of  the  nozzle,  which  is  at  the  mid-height 
of  the  buckets.  Then  /,  measured  in  inches,  represents  the 
length  along  the  circumference  of  the  turbine  wheel  at  mid- 
height  of  the  buckets  into  which  one  nozzle  discharges  at  any 

instant.     The  length  /  is  represented  by  the  expression -; 

sin  di 

and  the  effective  width   between    buckets    into  which    one 


nozzle  discharges  steam  at  any  one  instant  is 


X 


d  •}- i      sin  01 
This  expression  multiplied  by  the  height  h  of  the  buckets 

gives  __^4*^-. 
*  (rf  +  /)  sin  a. 


the   area   of   cross-section,   in   square 


I 
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inches,  between  the  buckets  into  which  one  nozsle  discharges  _ 
steam.  Dividing  this  by  144  gives  the  area,  in  square  feet;  I 
and  raultiplyinff  the  quotient  by  the  relative  velocity  »•„  io 

feet  per  second,  gives ^^ — r^H ,  which  represents  the 

144  (rf  +  /)  sin  a. 

volume  of  steam,  in  cubic  feet,  passing  through  the  turbine 

per  second. 

The  section  of  the  end  of  the  nozzle  is  an  ellipse,  with  /, 
Fig.  12,  as  the  longer  axis;  and  since  the  ellipse  is  not  as 
wide  at  the  ends  as  at  the  middle,  it  is  apparent  that  more 
steam  passes  into  the  blades  at  the  middle  of  the  nozzle  than    M 
at  the  ends. 

The  height  of  the  blades  must  be  great  enough  to  receive 
the  greatest  quantity  that  may  enter.  If  the  nozzles  were 
square,  with  the  sides  equal  to  the  diameter,  the  distribution 
of  the  steam  would  be  the  same  as  it  actually  is  at  the 
middle  of  the  circular  nozzle.  In  determining  the  height  of 
the  blade,  therefore,  it  may  be  supposed  that  the  nozzle  is 
square  and  has  an  area  at  the  largest  portion  equal  to  the 
square  of  the  diameter.  As  r,  is  the  velocity  of  the  steam, 
in  feet  per  second,  as  it  leaves  the  nozzle,  and  o  is  the 

diameter  of  the  nozzle  at  the  outlet  end,  in  inches,  ^~—  gives 

i44 

the  volume  of  steam,  in  cubic  feet,  that,  according  to  this 

assumption,  leaves  the  nozzle  per  second.     As  the  steam 

does  not  expand  in  passing  through  the  buckets,  the  volume    ■ 

that  leaves  the  nozzles  must  be  equal  to  that  passing  through 

the  buckets.     Placing  them  equal, 

do h  Wi  _  CO* 

144(</+  t)sina^      144 

Solving  for  A, 

^  _  f,g(rf  +  /)sinOi  /^j 

du't 

When  a.  =  20**,  sin  a,  =  .34202,  and  formula  1  becomes 

A  =  .34202  X  ^!^^^4^  (2) 

The  diameter  D  of  the  turbine  wheel  from  center  to  center 
of  buckets  depends  on  practical  convenience   and  is  to  be 
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n  = 


(3) 


decided   by   experience.     The  number  of   buckets   is   then 
given  by  the  formula 

li  the  values  found  by  this  method  are  practically  unsuit- 
able, the  designer  must  use  his  judgment  in  making  changes 
that  will  give  the  most  practical  proportions. 

Example. — (a)  If  the  outlet  diameter  of  a  steam  nozzle  forasicgte- 
stage  turbine  is  1.38  inches,  the  velocity  of  steam  at  exit  is  :j,621  leet 
per  second,  the  angle  uf  the  nozzle  tn  the  turbine  wheel  is  "JXf,  and  the 
relative  velocity  nf  the  steara  to  the  buckets  is  2,475  feel  per  second, 
what  is  the  height  of  buckets  if  the  thickness  is  .1  inch  and  Che  space 
between  buckets  .179  inch?  {b)  How  many  buckets  will  be  used  if 
the  wheel  is  WZ  inches  in  diameter? 

SoLtTiON.  — (n)  Applying  formula  2,  the  height  of  the  backets  is 

3.621  X  1.38(. 179  +  .1) 


Wtd 


.34202  X- 


2.475  X  .179 


1 .076  in. 
Ans. 


In  practice,  the  height  would  probably  b«  made  at  least  1.37o  in., 
which  is  approximately  the  outlet  diameter  of  the  steam  nozzle. 

{b)    The  number  of  backets  is  determined  by  applying  formula  3. 
S.I4I6Z7       3.1416X32 


rf+/ 


.179  +  .1 


360.    Ans. 


MULTIPLE-EXPANSION  TURBINES 

20*  General  Method  of  Procedure. — If  a  steam  tur- 
bine is  to  have  several  pressure  stages^  the  total  drop  of 
heat  contents  (ff^  —  //,}  will  be  divided  among  them.  With 
a  few-staee  turbine,  like  the  Curtis,  it  is  generally  possible 
and  advisable  to  give  each  stage  about  the  same  drop  and 
therefore  derive  from  each  about  the  same  amount  of  work. 
With  a  many-stage  turbine,  like  the  Ratcau  velocity  turbine 
or  the  Parsons  pressure  turbine,  this  is  not  practicable,  and 
more  work  is  done  in  the  stages  near  the  condenser. 

In  beginning  the  design  of  a  turbine,  it  is  necessary  to 
know  the  initial  steam  pressure,  the  degree  of  superheat,  if 
any,  and  the  condenser  pressure.  The  intermediate  pres- 
sures in  the  several  cells  can  then  be  determined  from  the 
way  in  which  the  heat  drop  is  divided.     Referring  to  Fig.  3, 
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the  heat  drop  after  subtracting  the  friction  is  represented 
by  A  C,  For  a  two-stage  turbine,  the  heat  drop  will  be 
divided  into  two  very  nearly  equal  parts.  Let  A  Cbe  divided 
into  two  very  nearly  equal  parts  W  (7  and  G  C;  project  O  lo£ 
on  thec\irve  AD;  and  thus  determine  the  intermediate  pres- 
sure A-  Now,  wilh  the  pressures  fi,  and  p',  a  single-sias^e 
turbine  may  be  designed  for  the  first  cell;  and,  with  ;>'  and^ 
as  extreme  pressures,  a  second  single-stage  turbine  maybe 
designed  for  the  second  cell.  Evidently,  the  same  course 
of  procedure  may  be  followed  for  three,  four,  five,  or  more 
stages. 

21,  Calculations  for  a  Cnrtln  Turbine. — In  order  to 
make  the  method  outlined  in  Art.  20  clear,  and  also  to  show 
the  method  of  solving  the  problems  of  multiple  velocity 
stages,  an  example  will  be  worked  out.  Such  problems 
may  be  solved  either  graphically  or  by  calculation.  The 
graphic  method  is  the  simpler,  and.  as  the  errors  it  intro- 
duces are  within  the  limits  of  the  accuracy  of  our  knowledge 
of  what  takes  place  in  the  turbine,  it  is  to  be  preferred. 
Enough  of  both  methods,  however,  will  be  given  here  to 
enable  either  method  to  be  used. 

Let  the  turbine  work  with  steam  at  a  pressure  of  160  pounds 
per  square  inch,  absolute,  and  superheated  to  500^  F..  and 
with  a  condenser  pressure  of  L5  pounds  per  square  inch, 
absolute.  Let  the  turbine  have  llirec  pressure  stages — that 
is,  three  wheels  running  in  three  cells — and  two  velocity 
stages  to  each  pressure  stage.  Let  the  peripheral  velocity 
of  the  wheels  be  400  feet  per  second.  Throughout  the  tur- 
bine, it  will  be  assumed  that  10  per  cent,  of  the  velocity  of 
the  steam  is  lost  in  friction  in  each  set  of  buckets. 

In  Fig.  13.  which  is  reproduced  directly  from  the  Heat 
Chart.  Fig.  1,  the  point  A  is  located  from  initial  conditions 
and  adiabatic  expansion  to  condenser  pressure  gives  the 
point  B.  The  total  drop  .t  B  is  found  to  be  316  British 
thermal  units.  If  this  is  divided  into  three  equal  parts,  each 
stage  will  have.  say.  105  British  thermal  units.  Of  course, 
this  division  may  be  varied  slightly  if  found  desirable.     The 


1 


34 


STEAM  TURBINES 


§37 


points  E  and  F  are  thus  located  on  the  line  A  B  so  that  AE 
=  EF  =  FB  =^\AB,  The  point  E  will  lie  on  the  43-pound 
line  and  the  point  F on  the  9-pound  line,  very  nearly. 

Starling  with  the  first  cell,  the  drop  in  heat  contents  AE 
is  105  British  thermal  units.*  Taking  10  per  cent,  friction  in 
the  nozzle,  the  effective  heat  drop  used  in  giving  velocity  to 
the  steam  jet  is  105  X  .9  =  94.5  British  thermal  units.  Lay- 
ing this  off  on  the  velocity  scale  at  the  le£t,  as  shown  at  R, 
gives  a  velocity  of  about  2,175  {eet  per  second. 

The  velocity  may  also  be  calculated  by  using  formula  3. 

Art.  9:  

c,  ^  212.5  Vm  -  ff.  -  212.5  Vl05  =  2.177  feet  per  second 

23.  Next,  construct  the  velocity  diagram  shown  in  Fig.  14. 
Let  the  Angle  between  the  jet  and  the  plane  of  the  wheel  be 


T> 


^  4 


flpr,\ 


^ 


:& 


2^ 


-<i- 


22i°.  Then  lay  off  c,  to  some  convenient  scale  to  represent 
2,177  feet  per  second,  and  making  an  angle  a,  =  22^*^  with  X.\\ 
Then  lay  off  k  =  400  feet  per  second  and  complete  the  tri- 
angle, finding  the  velocity  zf,  =  1,815  feet  per  second,  nearly. 
as  the  velocity  of  the  jet  relative  to  the  buckets.  Next,  lay 
off  a  line  equal  in  length  to  w„  making  the  angle  <■,  with  A' A' 
equal  to  the  angle  c.  Then,  .9  of  its  length  represents  »•,  and 
measures  about  1,633  feet  per  second.  Combining  a-,  and  « 
gives  r„  the  absolute  velocity  of  the  steam  as  it  leaves  the 
first  set  of  moving  blades  and  enters  the  guide  vanes. 
Measuring  r,  it  is  found  to  equal  1 .290  feet  per  second. 

In    passing    through    the    guide    vanes,    tiie    direction    is 
changed  from  f,  to  c„  making  the  angle  «,  equal  to  the 
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angle  a,;  but,  as  there  is  10  per  cent,  lost  in  friction, 
Ct  =  .9  c,  or  1,161  feet  per  second.  The  velocity  relative  to 
the  fixed  vanes  is  the  absolute  velocity  with  which  the  steam 
enters  the  second  set  of  moving:  blades.  Combiniag  this 
velocity  c,  with  w,  the  velocity  of  the  blades,  gives  zt-,  as  the 
velocity  of  the  steam  relative  to  the  second  set  of  moving 
buckets  at  entrance.  Laying  ofE  a  line  equal  to  w,  on  the 
other  side  of  O  V,  and  making  the  angle  e,  equal  to  the 
angle  r,,  and  deducting  10  per  cent,  for  friction,  gives  w,  as 
the  relative  velocity  of  the  steam  as  it  leaves  the  second  set 
of  moving  blades.  Combining  the  velocity  a',  with  «  gives 
r*  as  the  absolute  velocity  of  the  steam  as  it  leaves  the  second 
set  of  moving  blades.  Scaling  a-,,  it  is  found  to  equal  865  feet 
per  second,  u\  equals  about  780  feet  per  second,  and  c.  equals 
about  615  feet  per  second.  It  is  desired  to  find  the  work 
per  pound  of  steam  in  this  stage.  To  do  this,  find  the 
components  of  r.,  f„  f„  and  f,  in  the  direction  of  XX\  they 
are  f/,  c/,  cj,  and  cj.  Scaling  these  values,  it  is  found  that 
€j  equals  2,010  feet  per  second,  c'  equals  1,050  feet  per 
second,  c,'  equals  940  feet  per  second,  and  c/  equals  00  feet 
per  second,  nearly.  Substituting  these  values  in  formula  3, 
Art.  14,  the  work  of  the  first  wheel  is 

^  ^  uU.'  +  C)  ^  400(2.010+1,050)  ^  ^^,^ foot-pounds 
g  32.16 

The  work  for  the  second  wheel  is,  also, 

11/  _  «(f,' 4-^.0  „  400(940  +  90) 
^'  "  J  "  S2J6 

s  12,811  foot-pounds,  nearly 

Hence,  the  total  work  of  the  first  stage  is,  by  the  graphic 
method, 
38,060  +  12.811  =  50,871,  say  51.000.  foot-pounds,  nearly 

23.  The  entire  solution  may  be  calculated  by  applying 
the  preceding  formulas  as  follows:  knowing  r,,  a,,  and  «, 
it  is  possible  to  find  u\  from  formula  1|  Art.  12, 

Wi  =  Vfi*  -\-  u*  —  IcxU  cos  a, 

==  ^{%\lf)'  +  (400)' -2  X  2.177  X  400  X  .92388 
=  1,814  feet  per  second 
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Then,  zc,  =  .9  a/,  =  .9  X  1,814  =  1,632.6  feet  per  second. 
In  order  to  find  c„  it  is  necessary  to  find  cos  e,  or  cos  ^„  as 
they  are  equal.     Applying  formula  2,  Art.  12, 

sin,.  =  £Li!E^  =.  2,177  X. 38268  ^   ^^^^^ 
Wt  1,814 

Hence,   from  the  Table  of   Natural   Sines  and  Cosines, 
cos  f.  =1  cos  (f,  =  .8883. 

To  find  the  velocity  c„  apply  formula  5,  Art.  13, 
*^*  -  ^ff.9w,)'  +  a*  —  l.Sw.wcosiT, 

=  VC.9  X  1.814)'  +  (400)*  -  (1.8  X  1,814  X  400  X  .8883) 
=  1,290  feet  per  second 
Then.f.  =  .9  f,  =  .9  X  1,290  =  1,161  feet  per  second.    In 
order  to  find  w,,  it  is  necessary  to  find  cos  a«  =  cos  a,.    Heoce, 
applying  formula  6,  Art.  13, 

sin  a.  =  •9^.A^J^  =  -9  X  1.814  X  .4592,6  ^  ^^^^ 
c,  1,290 

From  the   Table  of    Natural    Sines  and    Cosines,  cos  a, 
=  cos  a^  =  .81374. 
To  find  the  velocity  w,,  apply  formula  3,  Art.  12, 
IV,  =  Vc,"  +  w"  —  2  r, «  cos  a, 

=  V(l,161)'  +  (400)'  -  2  X  l.lTrx  400  X  .81374 

=  867  feet  per  second 

Then,  rtu  =  .9  w.  =  .9  X  867  =  780.3  feet  per  second. 

In  order  to  find  £•.,  it  is  necessary  to  find  cos^,  =  cosr,  by 

applying  formula  4,  Art.  12, 

■    ^        f.sina.       1,161  X  .58123         „qoo 
sm^,  =     —      —  =  --'    -  ■^-~ =  .77833 

w,  867 

Hence,  by  the  Table  of  Natural  Sines  and  Cosines,  cos  e, 
=  .62786. 
In  order  to  find  c^,  apply  formula  3,  Art.  12, 

f,    =    >«'.*  +  7**  —  2  7V^  U  cos  (f* 

=  V(780.3)*  +  (400)'  -'2  x"780.3  X  400  X  .62786 
=  614  feet  per  second 
The  cos  a,  will  also  be  needed  to  find  r/;  hence,  applying 
formula  6,  Art.  13, 

sin«.  =  •"•'■■-"  .^=  =  .1X867  X,77833  ^    gggj, 
,-  fil4 
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From    the   Table  o£   Natural  Sines  and  Cosines,  cos  a^ 

=-  .14695. 
The  values  of  ^t',Cn\c,\  and  c,'  may  now  be  calculated  as' 

in  An.  14, 
f..'  ss  f,  cos  <j,  =  2,177  X  .92388  =  2,011  feet  per  second 
f/  =  f,  cos  fl,  =  1,290  X  .fil'^T-i  =  1,050  feel  per  second 
f/  =  r,  cos  (7,  =  1,101  X  .<S1374  =  945  feet  per  second 
cj  =  c,  cos  ff.  =  614  X  .14695  =  90  feet  per  second 
By  comparing  these  values  with   those   obtained  by  the 

graphic  method,  it  will  be  seen  that  they  agree  fairly  well. 

and  may  be  considered  as  checking  one  another. 

24.  if  the  total  work  for  the  first  cell  is  recalculated  for 
these  values,  it  will  be  found  to  be  51,033  foot-pounds. 
Using  the  51,000  previously  found  by  the  graphic  method, 
the  heat  equivalent  is  found  to  be  51,000  ~  778  =  65.6  nriiish 
thermal  units,  nearly.  Hence,  of  the  total  heat  drop.  105  British 
thermal  units,  of  the  first  stage,  65.6  British  thermal  units  has 
been  changed  into  useful  work.  The  remainder,  39.4  British 
thermal  units,  has  been  expended  in  friction. 

Now,  from  .-/,  Fig.  13,  lay  off  A  C  equal  to  65.6  British 
thermal  units,  and  draw  CD  horizontally  to  cut  the  pressure 
line^  in  l>.  Then  D  represents  the  state  of  the  steam  as  it 
enters  the  second  set  of  nozzles.  As  the  saturation  curve, 
laid  off  as  in  the  Heat  Chart,  Fig.  1,  passes  between  D 
and  £,  it  shows  that  /f  is  in  the  saturated  region  and  /?  is  in 
the  superheated  region.  Hence,  the  friction  has  evaporated 
all  the  moisture  and  has  superheated  the  steam. 

The  steam  starts  into  the  second  pressure  stage  in  the 
state  represented  by  D;  hence,  to  find  the  heat  drop,  the 
vertical  line  D  G  is  drawn  to  the  9-pound  line.  Measuring 
the  length  of  Z?  C  to  the  heat  scale  on  the  Heat  Chart,  Fig.  1, 
shows  the  heat  drop  in  the  second  stage  to  be  112  British 
thermal  units.  Deducting  10  per  cent,  for  nozzle  friction 
leaves  100.8  British  thermal  units  available  for  producing 
velocity;  and,  from  the  velocity  scale,  either  on  the  Heat 
Chart  or  on  Fig.  13.  by  laying  off  100.8  British  thermal  units 
or  .9  f>  C\  the  exit  velocity  from  the  nozzles  will  be  2,250  feet 
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per   second,   nearly, 
formula  3|  Art.  9, 

212.5  Vjy.  -  H,  =  212.0  Vm 


f. 


This   may   be   checked   by   applying 
2,249  feet  per  second 


25.  The  velocity  diagram  for  the  second  stage  is  now 
drawn  as  shown  in  Fig.  15.  For  convenience,  all  veloctiies 
have  been  drawn  on  one  side  of  the  axis.  The  velocity  £. 
with  which  the  steam  enters  the  first  wheel  is  the  same  as  tbe 
exit  velocity  from  the  nozzles,  equal  to  2,250  feet  per  second. 
The  velocity  »  of  the  turbine  buckets  is  the  same  as  before, 
equal  to  400  feet  per  second,  and  the  angle  u,  equals  22j*. 
Draw  ?/',  to  represent  the  velocity  of  the  .steam  relative  to 
tbe  buckets  at  entrance;  measuring  ze^.,  it  is  found  to  equftl 
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,  Pio.  is 

l.RRO  feet  per  second,  nearly,  to  the  same  scale  that  r.  equals 
2,250  feet  per  second.  The  velocity  of  the  steam  relative  to 
the  buckets  as  it  leaves  the  first  wheel,  allowing  10  per  cent, 
for  friction,  is  7t\,  equal  to  .9  a',,  or  1,61)2  feet  per  second. 
Combining  w,  with  «.  the  absolute  velocity  c,  of  exit  from  the 
first  wheel  is  found  to  be  1.350  feet  per  second.  The  absolute 
velocity  r,  of  entrance  to  the  second  wheel,  allowing  10  per  cent, 
for  the  friction  in  the  guide  vanes,  is  .9  r,.  equal  to  1,215  feel 
per  second.  Combining  r,  and  «.  the  velocity  w,  of  the  steam 
relative  to  the  second  wheel  at  entrance  is  found,  by  measure- 
ment, to  be  920  feet  per  second,  and  the  relative  velocity  u\ 
at  exit,  allowing  10  per  cent,  for  friction,  is  828  feet  per  sec- 
ond.   Combining  w,  with  u  gives  the  final  absolute  velocity  f. 
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of  exit  from  the  second  wheel  as  C45  feet  per  second.  Pro- 
jecting Cx,  c,t  Ct,  and  r*  to  lines  parallel  to  w,  that  is.  parallel  to 
the  direction  of  motion  of  the  wheel,  gives  f/  equal  to  2,078  feet 
per  second;  r,'  equal  to  1,105  feet  per  second;  c/  equal  to 
095  feet  per  second;  and  cj  equal  to  133  feet  per  second. 

Owing  to  slight  inaccuracies  in  drawing  and  measuring 
lines,  the  calculated  values  will  not  be  likely  to  agree  exactly 
with  the  plotted  values,  but  either  set  of  values  will  be  close 
enough  for  practical  purposes. 

26,     The  velocities  of  the  second  stage  may  be  calculated 

by  applying  the  formulas  in  Arts.   lU  to  14.     First,  from 

formula  3,  Art.  13,  the  relative  velocity  re,  is  found  to  be 

Wt  =  "Wi' +  h' —  2r,  Mcosa, 

=  <{%^Y  +  (400y^  2  X  2.250  X  400  X  .92388 

=  1,887  feet  per  second 

Then,  from  formula  4,  Art.  13, 

r.  sin  a.        2.250  X  .38268         .„„ 

sm  Ct  s=  - — ' — -  ~  -^— — — t=  .4563 

w,  1,8«7 

From  the  Table  of  Natural  Sines  and  Cosines,  cos  ^, 
=  .889S2. 

The  relative  velocity  tt/,  =  .9  a/.,  or  .9  X  1,887  =  1.698  feet 
per  second.  The  absolute  velocity  r,  is  found  from  formula  3, 
Art.  13,  to  be 

r,  »  Vw,"  +  u'  ~2w,tt cos  e,  =  1,354'feet  per  second 

The  absolute  velocity  r,   equals  .9^,,   or  1,219    feet   per 

second,  nearly.     Using  formula  4,  Art.  12, 

^.  w,  sin  e,         c^ooq 

sin  a,  —   — ^- — — ^  =  .5  /  223 

From  the  Table  of  Natural  Sines  and  Cosines,  cos  a, 
=  .82009. 

Next  solve  for  zc,  by  formula  3,  Art.  13,  remembering 
that  A,  =  a.. 

w.  =  ^,' +  «' —  2c,«cosa,  =  920  feet  per  second,  nearly 
Then,  a/,  =  .9^,  =  .9  X  920  =  828  feet  per  second. 

Applying   formula  4,  Art.   13,   gives   sin  e^  ~  ^'  ^"^  °' 

IP, 

>B  .76820.     From  the  Table  of  Natural  Sines  and  Cosines. 
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cos  Ct  =  .65202.     Applying   formula   3,   Art.    12,   for  c^, 
remembering  that  e,  =  f», 

c^  =  ywt'  +  «•  —  2  u\  u  cos  e^  ~  643  feet  per  second,  nearly 
Applying  formula  4,  Art.  12,  for  sin  a«, 

sina.  =  «^^L°^  =  .97634 

From  the  table,  cos  a.  =  .21625.  Then,  solving  for  the 
components  of  the  velocities  c„  r „  c„  and  c^  in  the  direction  of 
motion  of  the  wheel,  as  in  Art.  14, 

*:.'  =  c,  cos  a,  ^  2,250  X  .92388  =  2.079  feet  per  second 

c'  =:  f.cosa,  =  1,354  X  .82009  ==  1,110  feet  per  second 

c'  =  ccosa.  =  1,219  X  .82009  =  1,000  feet  per  second 

c^'  =  c^  cos  a,  =      643  X  .21625  =  139  feet  per  second 

Total,    4,328  feet  per  second 

By  the  graphic  solution,  the  total  would  be  4,311  feet  per 
second,  which  checks  very  closely  for  such  work.  For  con- 
venience, use  4,300  feet  per  second. 

The  total  work  for  the  second  stage  is  found  as  indicated 
in  formula  3,  Art.  14, 

W,^^  <:^'_+i±.+  '^'^  ■+-  ^A  ^  400  X  4,300  ^  53  483 
£■  32.16 

say  53,500,  feet  per  second. 

27.  The  heat  equivalent  of  this  work  is  53,500  -^  778 
=  68.77  British  thermal  units,  nearly.  Now,  from  Z?,  Fig.  13, 
lay  o^  DM  on  D  G,  to  represent  68.77  British  thermal  units. 
Draw  //  A'  horizontally  to  the  9-pound  pressure  line,  giving  fC 
as  the  point  representing  the  state  of  the  steam  entering  the 
third  set  of  nozzles.  Drop  the  vertical  from  A' to  Z,  on  the 
1.5-pound  line,  representing  the  adiabatic  expansion  from^' 
to  pt,  and  measure  its  length  by  the  heat  scale  on  the  Heat 
Chart,  Fig.  1.  The  heat  drop  A'/,  is  found  to  be  practically  112 
British  thermal  units,  the  same  as  in  the  second  stage.  Hence, 
the  velocity  diagram  for  the  third  stage  will  be  the  same  as 
in  the  second  stage  and  may  be  represented  by  Fig.  15. 

The  work  of  the  third  stage  will  be  the  same  as  that  of 
the  second  stage. 
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28,  To  determine  the  final  condition  of  the  steam,  lay 
ofE  KM,  Fig.  13,  equal  to  68.77  British  thennal  units,  and 
draw  M N  horizontally  to  cut  the  line  p%  at  N,  Then,  N 
represents  the  final  state  of  the  steam  entering  the  con- 
denser. Reference  tu  the  Heat  Charts  Fig.  1,  shows  a 
quality  of  about  .94.  Producing  MN  to  P  on  A  B  gives 
A  P  SiS  the  total  useful  heat  drop,  which  is  equal  to  203 
British  thermal  units,  nearly. 

The  total  work  of  alt  three  wheels  is 

51,000  +  53,500  +  63.600  =  158.000  foot-pounds 

The  heat  equivalent  of  this  is  158,000  4-  778  =  203  British 
thermal  units,  nearly.  Hence,  of  the  316  British  thermal 
units  available  from  the  adiabatic  expansion,  203  British 
thermal  units  has  been  utilized.  The  indicated  efficiency  is, 
therefore, 

£".  =  203  -  316  =  .6424.  or  64.24  per  cent. 

If,  of  the  203  British  thermal  units  changed  to  work. 
20  per  cent.,  say,  is  used  in  overcoming  journal  friction  and 
other  losses  not  connected  with  the  steam,  the  friction  loss 
will  be  203  X  .20  =  40.6  British  thermal  units.  This  leaves 
203  -  40.6  =  162.4  British  thermal  units  for  work  at  the 
brake;  the  brake  efficiency  is.  therefore, 

E,  =  162.4  ^  316  =  .514  nearly,  or  51.4  per  cent. 

The  steam  consumption  per  brake  horsepower  is,  from 
formula  4,  An.  6, 

5  =  2,545  -f.  162.4  =  15.67  pounds 


29.  Nozzle  Calculations. — From  the  probable  steam 
consumption  and  the  known  required  capacity  of  the  turbine, 
the  weight  of  steam  required  per  second  can  be  determined. 
Dividing  this  by  the  number  of  nozzles  employed  gives  the 
weight  of  steam  delivered  to  each  nozxle.  Then,  having 
for  each  stage  the  initial  and  final  pressures  and  the  condi- 
tion as  given  in  Fig.  13,  the  nozzle  can  he  proportioned 
precisely  as  was  explained  in  Arts.  10  and   11. 

Suppose  that  the  turbine,  in  the  example  worked  out  in 
Arts.  21 'to  28,  is  to  deliver  1.500  kilowatts  at  full-load 
capacity.     The    corresponding    brake   horsepower  will  be, 

173— 3» 


parallel  to  a*.  and  w„  Pig.  14;  those  of  the  fixed  intermediate 
blade  are  parallel  to  r.  and  c;  and  those  of  the  last  blade  are 
parallel  to  w,  and  w^.  The  blades  may  now  be  laid  oS  as 
in  Figs.  9  and  11. 

The  required  height  of  blade  for  any  stage  may  be  calcu* 
lated  from  the  known  weight  and  condition  of  the  steam 
flowing.  Thus,  in  the  example  considered  in  Arts.  21  to  28, 
the  steam  flows  into  the  condenser  at  a  pressure  of  1.5  pounds 
per  square  inch,  absolute,  and  a  quality  of  .94.  At  this  pres- 
sure, tlie  volume  per  pound  of  the  steam  is  227.9  cubic  feet, 
nearly  (sec  Table  I).  Hence,  the  volume  Sowing  through 
the  nozzles  per  second  is 

9.72  X  227.9  X  .94  =  2.082  cubic  feet,  nearly 
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If  the  turbine  makes  1,200  revolutions  per  minute,  the  mean 
circumference  of  the  turbine  wheel  for  a  peripheral  velocity 
of  400  feet  per  second  must  be 

400  X  60  --  1,200  =  20  feet  =  240  inches 

Suppose  that  the  buckets  are  spaced  .875  inch  apart,  and  that 
the  clear  space  for  the  exit  of  steam  (dimension  t/,.  Fig.  11) 
is  .5  inch.  There  are  240  -h  .875  =  274  buckets  on  the  circum- 
ference; hence,  the  clear  space  for  the  exit  of  the  steam  is 
274  X  .5  =  137  inches.  As  determined  in  Art.  26,  the  final 
exit  velocity  u\  relative  to  the  last  buckets  was  828  feet  per 
second.  At  the  exit  of  the  steam  from  the  second  row  of 
moving  buckets  the  space  between  the  buckets  is  probably 
filled  with  steam,  and  the  total  area  between  the  buckets  may 
be  found  by  dividing  the  total  volume  per  second  by  the 
velocity  at  exit.  Hence,  for  a  flow  of  2.082  cubic  feet  per 
second,  the  total  sectional  area  through  the  blades  must  be 
2,082  -t-  828  =  2.51  square  feet  =  361.4  square  inches,  nearly 

The  height  of  the  blades  may  now  be  found  by  dividing  the 
area  through  the  buckets  by  the  clear  space  at  exit.  Thus, 
the  height  of  the  last  row  of  buckets  in  the  third  stage 
=  361.4  ^  137  =  2.638,  say  2f  inches. 

With  smaller  circumferential  velocities  at  the  same  number 
of  revolutions  per  minute,  the  diameter  of  the  wheel  will 
be  smaller,  and  in  consequence  the  blades  must  be  larger. 
Evidently,  then,  with  more  pressure  stages  {which  calls  for 
smaller  circumferential  speed),  the  blade  lengths  throughout 
must  be  greater. 


31.  Examples  of  Blade  Construction. — Fig.  17 
shows  the  outline  of  the  backs  of  the  blades  used  on  a  Curtis 
steam  turbine  of  1,600  kilowatts  rated  capacity,  making 
900  revolutions  per  minute  at  maximum  efficiency.  The 
initial  steam  pressure  is  150  pounds  per  square  inch  gauge; 
the  steam  pressure  at  the  end  of  expansion  from  the  first  set 
of  nozzles  is  about  equal  to  that  of  the  atmosphere,  and  at 
the  end  of  the  second  row  of  nozzles  the  steam  pressure  is 
1  pound,  absolute,  the  expansion  being  divided  into  two 
stages.     There  are  four  rows  of  blades  in  each  stage,  that  is, 
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four  velocity  stages  to  each  pressure  stage.  The  section  of 
each  blade  is  composed  of  arcs  and  tangents,  as  shown  in 
Fig.  17.     With  the  line  A  B  as  the  axis  of  the  turbine,  the 

angle  *  is  20°  in  the  first 
row  and  60**   in  the  last 

''     I     '"uiMlHA.r "  '    "^  ^°"    ^^    blades.     The 

A  / i      ^j^^^P^  I \_i_    angle  c  is  30*^  in  the  first 

row  and  60°   in  the  last 

row.     The  rows  of  blades 

are  numbered  conseco- 

The  arrows  a  show 


I 


Pio.  17 

tively  in  the  direction  of  the  steam  flow, 
the  direction  of  flow  through  the  blades. 

Fig.  IS  shows  other  details  of  the  same  blades.  The  width 
is  shown  at  a,  which  is  1.3125  inches  in  the  high-pressure,  or 
first,  stage  of  the  expansion  and  1.626  inches  in  the  low-pres- 
sure, or  second,  stage.  The  dimension  b  shows  the  distance 
between  centers  of  blades,  which  is  .75  inch  between  the  high- 
pressure  and  1.0625  inches  between  the  low-pressure  blades. 
The  blades  are  drawn  down  lo  a  rather  sharp  edge,  where 
steam  enters  and  leaves.  A  shroud  that  joins  the  outer  ends 
of  the  blades  is  shown  atr.  and  the  main  wheel  is  shown  at(f. 
The  width  of  the  stationary  blades  is  equal  to  the  width  o( 
the  moving  blades  in  both  stages.  The  space  between  the 
rows  of  moving  blades  exceeds  the  width  of  stationary  blades 
by  about  k  inch  in 
both  stages.  There  is 
the  same  clearance  for 
both  moving  blades 
and  fixed  blades. 

Since  the  velocity 
of  flow  of  the  steam  is 
decreased  in  stages^ 
that  is,  by  every  row 
of  moving  blades 
through  which  it  passes,  there  must  be  a  greater  area  of  cross- 
section  of  channel  for  it  to  flow  through  in  the  later  rows 
of  blades  than  in  the  earlier  ones.  This  can  be  provided 
by  continually  increasing  the  height  of  the  blades  or  by 
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increasing'  both  the  heig^ht  and  the  space  between  the  blades. 
The  following  are  approximate  dimensions  for  the  heights 
of  successive  rows  of  blades,  as  indicated  by  the  letters  in 


^gX^XC" 


^  .\f^^ 


Pto. 19  * 

Fig.   19,  for   the  turbine  just  described.     The   arrows  /,/ 

show  the  direction  of  flow  of  the  steam. 

A  =  \  inch  in  the  high-pressure,  or  first,  stage 
A  —  lA  inches  in  the  low-pressure,  or  second,  stage 
B  =  1t^  inches  in  the  high-pressure,  or  first,  stage 
^  =  ij  inches  in  the  low-pressure,  or  second,  stage 
C  —  li^  inches  in  the  high-pressure,  or  first,  stage 
C  —  2t^  inches  in  the  low-pressure,  or  second,  stage 
D  ^  m  inches  in  the  high-pressure,  or  first,  stage 
Z?  =  3  inches  in  the  low-pressure,  or  second,  stage 
The  heights  of  the  blades,  where  the  steam  leaves  them," 

are   such  that  a  if,  bc^  cd,   and   de   form  an  approximately 

straight  line,  de  being  approximately  cd  produced. 

32.     Footstep  Bearing   of   Curtis   Tiirblno.— For   a 

description  of  the   footstep  bearing  of  the  Curtis   turbine, 
see  Skam   Turbines,  Part  1. 

It  is  intended  to  have  the  shaft  always  run  on  an  oil  or 
water  film  between  the  bearing  surfaces,  as  no  metals  would 
long  stand  actual  contact  under  such  severe  conditions.  The 
oil  or  water  is  pumped  into  the  bearing  under  considerable 
pressure.  This  pressure,  in  the  1,500-kiIowatt  turbine  just 
noted,  is  3(S()  pound-?  per  square  inch  of  bearing  surface,  and 
reaches  a  value  of  1,000  pounds  per  square  inch  in  the 
o.OOO-kilowatt  Curtis  turbine.  Under  this  pressure,  the 
fluid  is  forced  between  the  rubbing  surfaces  of  the  bear- 
ing, and  keeps  them  from  coming  into  metallic  contact  with 
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each  other.  The  thickness  of  the  interposed  film  of  oil  ia 
about  .003  inch. 

The  surfaces  of  the  bearing  are  of  cast  iron,  since  this 
material  wears  quite  uniformly  even  under  actual  metallic 
contact.  Hardened  steel  and  brass  have  been  tried,  but 
have  been  abandoned  in  favor  of  cast  iron,  because  they  cut 
badly  when  metallic  contact  occurs. 

It  is  essential  that  the  interior  of  the  bearing  surfaces 
should  be  bored  out,  leaving  a  bearing  only  in  a  circum- 
ferential rim.  This  is  done  to  secure  an  approximately 
equal  rubbing  velocity  on  all  parts  of  the  bearing  with  con- 
sequent approximation  to  equality  of  wear,  and  to  provide  a 
surface  against  which  the  oil  or  water  may  act  in  order  to 
relieve  the  bearing  surface  of  the  pressure  of  the  revolving 
parts.  

CAXCUI/ATION  OF  A  PRESSURE  TURBINE 

33.  Data  Required. — In  the  calculation  of  a  pressure 
turbine,  it  is  necessary  to  have  the  following  data:  (1)  Initial 
pressure  and  condition  and  final  pressure  of  steam;  (2J  abso- 
lute velocity  of  steam  through  the  blades  at  successive  stages; 
(3)  exit  angles  of  both  fixed  and  moving  blades;  (4)  periph- 
eral velocity  of  blades  on  the  different  steps  of  the  rotor; 
(5)   friction  losses  through  the  turbine. 

Regarding  the  assumptions  to  be  made,  the  following  points 
may  be  observed:  The  peripheral  velocity  must  not  be  chosen 
at  too  high  a  figure.  Since,  in  a  pressure  turbine,  there  must 
be  admission  for  the  entire  circumference,  the  first  set  of 
blades  must  necessarily  be  short.  For  a  given  number  of 
revolutions  per  minute,  a  large  peripheral  velocity  means  a 
correspondingly  large  drum  diameter,  and  this  means  short 
blades.  With  blades  that  are  too  short,  the  clearance  between 
the  blade  ends  and  the  casing  becomes  too  large  a  percentage 
of  the  blade  length;  that  is.  the  leakage  loss  becomes  too  great. 

The  exit  angles  may  be  from  20°  to  30°  for  both  guide  and 
rotating  vanes.  Small  exit  angles  permit  the  use  of  fewer 
stages;  hut.  because  of  the  longer  channels  between  the 
blades,  the  friction  per  stage  is  increased.  . 
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The  steam  velocity  c  must  be  kept  within  definite  limits. 
With  £  small,  too  many  stages  are  required;  while,  with  c 
large,  too  great  friction  results. 

As  practical  limits,  the  peripheral  velocity  u  at  the  first 
stage  may  vary  from  100  to  135  feet  per  second.  In  the 
later  stages,  the  peripheral  velocity  may  be  considerably 
increased,  because  the  steam  volume  is  larger.  The  steam 
velocity  e  may  vary  from  2  u  to  3.5  u. 


34,  Heat  Drop  In  Any  Sta^^e. — If  at  any  stage  the 
steam  velocity  c,  with  which  the  steam  leaves  the  guide 
vanes,  and  the  peripheral  velocity  «  are  known,  the  heat 
transformed  into  work  in 
that  stage  may  be  deter- 
mined by  the  simple 
graphic  construction 
shown  in  Fig,  20.  From 
O  lay  off  O  ^f  =  f ,  making 
the  exit  angle  a  with  the 
plane  of  the  wheel:  then 
lay  od  AB  =  w,  the  per- 
ipheral velocity  of  the 
wheel,  draw  <?  i?  =  w, 
and  prolong  .-1  ^  to  ^  on 
the  vertical  through  O. 
With  £*  as  a  center  and 
£A  as  a  radius,  strike  an 
arc    from    A    downwards  '^"-  * 

and  drop  the  perpendicular  B  D  Xo  intersect  the  arc  in  /?, 
Measure  the  length  B  D  =  /  as  a  velocity  to  the  same  scale 
as  the  velocities  c  and  u.  Then,  the  work  W^,  per  pound  of 
steam  in  this  stage  is 

<i) 


w,  =  '- 


The  derivation  of  formula  1  is  explained  in  Appendix  11. 
The  heat  drop  h  required  to  produce  this  work  is 


A  = 


778^ 


iiss) 


(2) 
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This  construction  holds  good  when  -the  fixed  and  moving 
vanes  have  the  same  form,  so  that  the  heat  drop  is  about 
the  same  in  each. 

The  following  formulas  may  be  used  in  place  of  the 
graphic  construction: 

Let   c  =  absolute  velocity,  in  feet  per  second,  of  steam 
entering  moving  blade; 
w  =  absolute  velocity  of  steam,  in  feet  per  second, 

on  leaving  blades; 
u  =  velocity  of  blades,  in  feet  per  second; 
a  =  angle  between  c  and  «; 
e  =  angle  between  w  and  «. 
Then,  c  sin  a  =  w  sin  e  (3) 

21/    as      \c'  +  U*  —  2  CU  cos  U  (4) 

The  formula  for  the  work  becomes 

IV  —  "(t^  cos  a  -\-  w  cos  e)  ,c\ 

g 

Formula  5  is  similar  to  previous  formulas  for  the  work  of 
flowing  steam,  as  shown  in  Art.  14.  The  absolute  velocity 
of  the  steam  on  leaving  the  vanes  is  assumed  to  be  approx- 
imately equal  to  the  relative  velocity  on  entering,  because 
the  forms  of  the  blades  are  the  same  for  both  fixed  and 
moving  wheels  and  equal  expansions  take  place  in  both. 

If  the  heat  drops  in  all  the  stages  were  equal,  the  number 
of  stages  would  be  determined  by  dividing  the  total  heat 
drop  //,  —  /^,,  after  deducting  friction,  by  the  drop  h  per 
stage.  Actually,  the  work  in  the  stages  near  the  condenser 
is  several  times  that  in  the  earlier  stages.  Hence,  a  curve 
should  be  derived  to  show  the  values  of  h  at  the  various 
stages,  and  the  mean  ordinate  of  this  curve  will  give  the 
mean  heat  drop  per  stage.  The  method  of  procedure  may 
best  be  shown  by  the  working  out  of  an  actual  case. 

35.     Let   a   pressure    turbine   be   designed    to   run   with 

steam  at  a  pressure  of  180  pounds  per  square  inch,  absolute, 

and   superheated  to  o50°   F.,  and  a  condenser  pressure  of 

L5  pounds  per  square  Inch,  absolute.     The  friction  through 

■the  turbine   is   assumed  to  be  .25  of  the  total  work  of  the 


steam,  and  the  exit  angles  of  the  blades  are  to  be  22^".  The 
rotor  will  be  built  up  of  three  drums  of  different  diameters. 
The  three  mean  peripheral  speeds  of  the  drums  will  be 
taken  as  125,  175.  and  300  feel  per  second,  respectively. 
The  steam  velocity  of  the  first  stag^e  of  the  turbine  will  be 
taken  as  250  feet  per  second,  and  the  exit  velocity  of  the 
steam   from  the  last  stage  as  900  feet  per  second. 

In  Fig.  21,  A  B  is  laid  off  to  represent  the  length  of  the 
rotor,  and  it  is  assumed,  for  the  purpose  of  calculation 
merely,  that  the  stages  are  equally  spaced  along  the  axis, 

SOO 
■700 

■ftntt 


^  -.TOO 
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soo 


In  the  actual  construction,  the  stages  may  be  placed  as 
desired.  W/i  is  laid  off  perpendicular  to  A  S,  to  represent 
the  steam  velocity  c  in  the  first  stage,  that  is,  250  feet  per 
second.  B  F  is  laid  off  in  a  similar  manner  to  represent  the 
the  final  velocity,  900  feet  per  second,  of  the  last  stage. 
Between  E  and  /^  a  curve  may  be  drawn,  to  represent  the 
velocities  of  the  steam  at  the  different  points  along  the 
rotor.  Such  a  curve  is  shown  at  EX F,  and  the  ordinates 
of  this  curve  represent  the  velocities  of  the  steam  in  the 
stages  situated  at  the  corre.sponding  points  along  the  rotor. 
The  velocities  of  the  steam,  and  consequently  the  ordtnates 
of  the  curve,  should  increase  rather  slowly  at  first,  but  more 
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rapidly  at  the  large  end  where  the  volume  of  steam  per 
pound  is  very  greatly  increased.  The  exact  determination 
of  the  curve  EXF  is  practically  impossible,  but  the  steam 
velocities  should  be  so  chosen  as  to  i^ive  the  smallest  friction 
losses;  hence,  the  ordinates  of  the  carve  should  be  kept  as 
short  as  possible. 

86.  The  axis  A  B  ol  the  rotor  is  divided  at  C  and  D  to 
represent  the  drums,  .-^  C  being  the  first.  CD  the  second, 
and  DB  the  third.  These  divisions  should  be  so  made  that 
the  ratios  of  the  steam  velocities  to  the  peripheral  velocities 
shall  be  between  2  and  3.5.  The  peripheral  velocities  are 
also  laid  oft  as  follows: 

The  peripheral  velocity  of  the  first  drum  i&  AS  ~  125  feet 
per  second. 

The  peripheral  velocity  of  the  second  drum  is  C  T=  175  feet 
per  second. 

The  peripheral  velocity  of  the  last  drum  is  D  l/=  300  feet 
per  second. 

Now,  at  any.  section,  as  OG,  the  absolute  velocity  c  of 
the  steam  is  GX,  and  the  peripheral  velocity  «  is  ^  K  The 
scale  of  both  velocities  is  shown  at  the  right  of  Fig.  21. 
With  these  known  velocities  and  the  angle  a  equal  to  22i°, 
lay  out  a  geometric  construction  like  Fig.  20,  and  determine 
the  segment  /.  Find  the  value  of  /  by  means  of  the  velocity 
scale  at  the  right  of  Fig.  21:  then  find  the  heat  drop  A  from 
formula  2,  Art.  34,  or  use  formulas  3,  4,  and  5,  Art.  34, 
to  find  the  work  in  foot-pounds,  and  divide  this  by  778  to  get 
the  heat  drop  in  British  thermal  units  for  the  stage  at  OG. 
This  heat  drop  in  British  thermal  units  is  laid  off  on  OG  as 
G Z  according  to  some  convenient  scale,  such  as  that  marked 
ScaU  oi  Single  Drop  in  B.  T.  U.  at  the  left  of  Fig.  21.  This 
construction  is  repeated  for  several  sections  along  the 
axis  A  By  especially  at  the  sections  C  and  D\  and  as  a  result, 
the  curve  of  single  drop  K I.  M N PQ  is  obtained.  The 
term  single  drop  is  applied  to  this  curve  because  the  ordinates 
represent  the  heat  drop  in  a  single  stage  in  British  thermal 
units  at  the  point  along  the  axis  where  the  ordinate  is  taken, 
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or,  what  amounts  to  the  same  thins:^  the  work  done  ia  that 
sta£:e.  It  should  be  noted  that  in  the  first  stage  the  drop  is 
less  than  2  British  thermal  units,  while  in  the  last  stage  it  is 
more  than  IG  British  thermal  units.  Now  measure  the  area 
between  the  curve  KLAfNPQ  and  A  B,  either  by  the  use 
of  a  planimeter  or  by  ordinates,  and  divide  the  area  by  the 
length  AD  to  determine  the  mean  ordinate.  The  mean 
ordinate  will  give  the  average  heat  drop  per  stage  h„,  which 
in  this  case  is  found  to  be  4.2  British  thermal  units. 

37.  The  number  of  stages  required  can  now  be  deter- 
mined. From  the  Heat  Chart,  Fig.  1,  the  total  adiabatic 
drop  from  initial  to  final  condition  of  the  steam — that  is, 
180  pounds  and  5/50°  F.  to  1.5  pounds — measures  336  British 
thermal  units,  nearly.  But  of  this  25  per  cent,  is  lost  in 
friction  through  the  vanes;  hence,  the  available  heat  drop  is 
336(1  -  .25)  =  252  British  thermal  units.  Now.  since  the 
mean  drop  per  stage  is  4.2  British  thermal  units,  the  number 
of  stages  required  is  252  ^4.2  ■=  60,  nearly. 

Before  it  is  possible  to  determine  any  blade  dimensions, 
the  capacity  and  probable  steam  consumption  of  the  turbine 
must  be  known.  Suppose  that  the  turbine  is  required  to 
develop  1.000  horsepower  at  the  brake,  and  that  the  losses 
due  to  leakage,  journal  friction,  etc.  are  25  per  cent,  of  the 
energy  given  up  by  the  steam.  Since,  for  each  pound  of 
steam,  252  British  thermal  units  is  changed  into  work,  the 
net  heat  that  gets  into  work  at  the  brake  is  252(1  —  .25) 
=  189  British  thermal  units. 

The    steam   consumption,    from    formula    4,   Art.    6,    is 
5  =  2,545  H-  189  =  13.47   pounds,  nearly.     The   weight  of 
steam  required  per  second  is,  therefore, 
1,000  X  13.47 


3.600 


3.74  pounds,  nearly 


38.  From  the  weight  flowing  per  second,  the  volume 
flowing  per  second  through  any  stage  can  be  found,  provided 
that  the  condition  of  the  steam  as  regards  pressure  and 
superheat  or  moisture  at  that  stage  is  known.  The  condi- 
tion may  be  obtained,  approximately,  as  follows:     As  in 
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Fig.  13.  locate,  on  the  heat  diagrram,  the  initial  point  A  and 
the  final  point  B.  Lay  oR  A  P  =  2o2  British  thermal  nnits. 
the  available  heat  drop,  and  project  P  to  N  on  the  condenser 
pressure  line.  Then  A'  represents  the  final  condition  of 
the  steam.  Through  A  and  N  draw  a  condition  curve 
as  ADKN. 

Returning,  now,  to  Pig.  21.  it  is  necessary  to  find  the 
curve  of  the  total  heat  drop  A  H.  As  was  noted  previously, 
the  area  A  K LM N PQ B  A  represents  the  total  drop 
through  the  turbine.  //,  —  //,  =  252  British  thermal  units. 
The  area  A  KZG  will,  to  the  same  scale,  represent  the  heal 
drop  from  the  first  stage  to  the  stage  at  the  section  0G\ 
likewise,  the  area  AKi.C  represents  the  total  heat  drop 
through  the  first  drum,  and  so  on.  Let  these  areas  be  meas- 
ured,  and  let  the  areas  be  laid  off  as  ordinates;  thus,  O  V 
-  the  area  A  K  Z  G,  C  W  =  the  area  A  KL  C,  etc. 

In  this  way,  the  curve  of  total  heat  drop  A  VWH  is 
obtained.  The  last  ordinate  B H,  of  course,  represents 
252  British  thermal  units.  The  scale  for  the  total  heal  drop 
in  British  thermal  units  is  shown  at  the  left  of  the  figure. 

39.  Now  return  to  the  condition  curve  on  the  Heat 
Chart,  as  shown  in  Fig.  22.  From  the  initial  point  /f,  on 
the  pressure  line  A.  lay  off  the  length  AB  equal  to  the 
total  drop  G  V.  Fig.  22  is  made  double 
the  scale  of  Fig.  21.  for  convenience. 
Project  horiaontally  from  B  to  the  assumed 
condition  curve,  and  thus  locate  the  point  C 
and  the  pressure  line  pc  Likewise,  lay  of! 
AD  =  CW  ol  Fig.  21.  and  on  Fig.  22 
project  D  Xo  E  on  the  condition  curve, 
determining  the  pressure  line  /,.  The 
points  C,  /:',  etc.  thus  found  give  the  pres- 
sure and  condition  of  the  steam  at  the 
various  stages,  as  OG^  C,  etc.  The  curve 
of  pressures  is  shown  in  Fig.  23;  the  ordinates  of  this  curve 
represent  ihe  pressures  per  square  inch  of  the  steam  at  dif- 
ferent points  along  the  axis  AB  that  represents  the  length 
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of  the  rotor.  It  will  be  noted  that  the  curve  of  pressures  is 
nearly  a  straight  line,  showing  that  the  drop  in  pressure  ia 
nearly  uniform.  The  pressure  ai  the  end  of  the  first  dmm  is 
75  pounds  per  square  inch,  absolute,  and  at  the  end  of  the 
second  drum  about  18  pounds  per  square  inch,  absolute, 
according  to  the  scale  of  pressures  on  the  left  of  Fig.  23. 
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Since  the  pressures  and  conditions  of  the  steam  are  known 
for  various  points  along  the  turbine,  the  volumes,  in  cubic 
feet  per  pound,  of  steam  can  be  found  by  the  formulas  of 
Art.  4.  The  curve  of  these  volumes  is  also  laid  o6f  in 
Fig.  23,  the  ordinales  of  the  curve  representing  the  volumes 
in  cubic  feet  for  those  points  along  the  axis  at  which  the 
ordinates  are  taken. 

40.  Referring  to  Fig.  24.  which  shows  iwo  rows  of  blades, 
one  for  a  moving  wheel  and  one  for  a  guide  wheel,  the  veloc- 
ity c  of  the  steam  as  it  leaves  the  guide  vanes  makes  an 
angle  of  22i°  with  the  plane  of  the  wheel.  The  coinponent 
of  this  velocity  in  the  direction  of  the  axis  is  €*,  and  is  given 
by  the  foripula 

c'  =  csin  22i°  =  .38268 1  (1) 
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In  Fig.  34,  let  <f  =  the  pitch  of  blades; 

n  =  number  of  blades  per  wheel; 

/  =  length  of  blades. 

Then,  the  area  y1  of  the  rinsr  of  blades  is  ?iven  by  the 

formula 

A  =  net  (2) 

Not  all  the  afea  A  of  this  ring  is  available  for  the  passage 
of  the  steam.  The  thickness  /  of  the  blades  most  be  stib* 
tracted  from  the  pitch  c  to  give  the  space  6  and  then  part  of 

the  remaining  area  is  not 
effective  because  of  the  in- 
terference of  the  edges  of 
the  next  wheel.  It  is  prob- 
ably safe,  however,  to  take 
two-thirds  of  the  area  .-/  as 
the  effective  area  for  the 
passage  of  the  steam.  If, 
now.  this  effective  area  is 
multiplied  by  the  velocity 
^  components' perpendicular 
to  it,  the  product  I',  gives 
steam    flowing  through  the 


FFT- 


j?i' 


Pic.  M 

in  cubic  feet,  of 


the  volume, 
wheel  per  second. 

r.  =  4^«<r/  (3) 

The  volume  is  also  expressed  by  Gi;  where  G  is  the 
weight  flowing  per  second,  and  v  is  the  volume,  in  cubic  feet, 
of  a  pound  of  the  steam  as  shown  by  the  curve,  Fig.  23. 
Hence,  ic'wf/5=  Gv 

(4) 


or 


But  ne  is  the  mean  circumference  of  the  circle  of  blades 
on  the  wheel  and  may  be  denoted  by  ,5".     Hence, 

(5) 


/  =  j^  (in  feet) 


or 


/.  =  18^  (in  inches) 


(6) 


1 


In  formulas  5  and  6,  G  is  known,  v  can  be  found  for  any 
stage  from  the  curve  of  Fig.  23,  and  c'  can  be  measured  from 


the  curve  EF^  Fig.  21.  The  circumference  5  can  be  found 
as  soon  as  the  revolutions  per  minute  have  been  decided. 
In  this  case,  let  the  revolutions  per  minute  be  1.500.  Then> 
lor  the  small  drum, 

5,  =  125  X  GO  -=-  1,500  -  5  feet 
For  the  intermediate  drum, 

5.  =  175  X  GO  -e-  1,500  ^  7  feet 
For  the  large  drum, 

5.  =  300  X  60  -^  1,500  -  12  feet 

41,     The  blade  lengths  can  now  be  determined  by  apply- 
ing formula  5,  Art.  40.     As  an  example,  take  the  section 


at  D.  Fig.  21,  which  will  give  the  data  for  the  blades  of  the 
last  stage  of  the  intermediate  drum  and  the  first  stage  of  the 
large  drum.  From  the  curve  of  Fig.  23,  the  volume  v  per 
pound  of  the  steam  is  21  cubic  feet.  From  the  curve  E F  oi 
Fig.  21,  the  velocity  c  is  660  feet  per  second,  C,  as  already 
calculated,  is  3.74  pounds,  and  5"  for  the  intermediate  drum  is 
7  feet.  The  axial  component  of  c  is.  by  formula  1,  Art.  40, 
e  =  ,38268x550  =  210.474.  or  210  feet  per  second,  nearly 
Hence,  the  length,  from  formula  5,  Art.  40,  is  for  the 
last  stage  of  the  intermediate  drum, 


/  = 


\%Gv  __   18X3.74X21 


=  .962  inch 
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For  the  first  stage  of  the  large  drum,  the  length  is  found 
by  using  the  same  formula  with  5"  —  12,  so  that 
/  ^  ^8X3.74X21  ^    ggi  .^^^ 
210  X  12 

In  this  way,  the  blade  lengths  for  all  stages  throughout 
the  turbine  may  be  .easily  determined.  Fig.  25  shows  the 
curve  of  blade  lengths  for  the  example  here  considered. 
The  ordinates  represent  the  blade  lengths,  in  inches,  to  the 
scale  on  the  right. 

The  blades  are  shown  in  section  in  Fig.  24.  The  exit 
angle  a  must  be  22i°  for  all  stages.  The  entrance  angle  a' 
can  be  readily  found  from  a  velocity  triangle  similar  to  the 
one  shown  in  Fig.  14.  The  pitch  of  the  blades  may  vary 
from  .5  to  .875  inch.  

ECONOMICAI.  CONSIDERATIONS 

42.  Kconomy  of  the  Steam  Turbine. — The  economy 
of  a  steam  engine  is  indicated  by  the  pounds  of  steam  con- 
sumed by  the  engine  per  indicated  horsepower  per  hour.  In 
the  steam  turbine,  however,  it  is  not  practicable  to  get  the 
indicated  horsepower,  as  indicator  cards  cannot  be  taken; 
hence,  the  economy  is  usually  expressed  in  pounds  of  steam 
consumed  per  brake  horsepower  per  hour.  The  published 
reports  of  tests  of  the  steam  consumption  of  turbines  are  as 
yet  few  compared  with  steam-engine  tests,  but  the  best  tur- 
bine performance  is  about  equal  to  the  best  compound  con- 
densing steam-engine  performance,  and,  under  most  working 
conditions,  the  turbine  compares  very  favorably  with  the 
reciprocating  engine.  So  far,  however,  the  best  turbine 
performances  have  not  yet  equaled  those  of  the  best  triple- 
expansion  reciprocating  engine. 

Theoretically,  it  seems  that  in  the  future  the  steam  turbine 
will  show  a  better  economy  of  steam  than  does  the  recipro- 
cating engine,  since,  with  the  same  initial  pressure,  it  is 
practicable  to  expand  the  steam  to  a  much  lower  pressure 
in  the  turbine  than  in  the  engine.  By  actual  tests,  some 
types  of  turbines  show  better  average  economy  under  variable 
loads  than  reciprucatinj;  engines. 
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43.    Fig.  26  shows  the  steam  consumption  of  an  800-horse- 
power  Curtis  turbine  at  various  loads.     The  turbine  ran  at  a 
speed  of  1,500  revolutions  per  minute  and  was  used  with 
a  condenser.     Steam  turbines,  like  ordinary  engines,  can  be 
used  either  with  or  without  condensers,  but  their  economy  is 
much  better  when  used  with  condensers,  because,  if  a  high 
vacuum  cau  be  maintained  it  is  possible  tu  work  with  much 
higher  ratios  of  expansion  than  are  practicable  with  ordinary 
engines.    In  Fig.  26,  curve  .4,  it  will  be  noted  that  the  steam 
consumption  at  the   full  load  of  800  horsepower   is  about 
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14.33  pounds  of  steam  per  horsepower-hour.    This,  ho 
is  the  steam  consumption  based  on  the  horsepower  ou 
the  dynamo.     If  the  efficiency  of  the  generator  is  as 
to  be  Dft  per  cent,  and  the  mechanical  efficiency  of  t 
bine  95  per  cent,  also,  the  steam  consumption  per 
power,  which  would  be  comparable  with  that  per  in( 
horsepower  of  an  ordinary  engine,  would  be  about  13  i 
of  steam  per  indicated  horsepower  per  hour.     This  is 
than  would  ordinarily  be  obtained  with  a  reciprocating 
of  this  size.     The   steam  consumption   of  the   turbi 
be  considerably  reduced  by  using  superheated  steam 

wever,        ^^f 

sumed         ^^| 
le  tur-         ^^H| 
horse-        ^^^ 
licated         ^^H 
sounds        ^^H 
better        ^H 
engine        ^^| 
fie  can         ^^H 
The        ^H 
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power  stations  where  the  load  is  variable.  If  it  becomes  neces- 
sary to  operate  a  turbine  unit  at  a  comparatively  lifi^ht  load, 
say  one-fourth  or  one-half  load,  the  increase  in  steam  con- 
sumption per  horsepower  per  hour  is  not  so  g^reat  as  it  would 
be  with  a  reciprocating;  engine  under  the  same  conditions. 
Also,  a  turbine  unit  will  work  more  eflBciently  on  overloads. 
The  forces  acting  on  the  turbine  wheels  are  continuous;  hence, 
a  uniform  rotary  motion  is  secured  without  the  necessity  of 
heavy  flywheels.  

APPENDIX  I 

The  various  curves  in  the  Heat  Chart,  Pig.  1,  are  laid  off  by  fiodiog 
the  coordinates  of  &  number  of  points  and  drawing  the  curves  throagb 
those  points.  The  saturation  curve  MN  is  laid  off  first  by  finding  the 
coordinates  of  dry  saturated  steam  at  various  pressures.  The  ordinates 
are  the  heat  units,  ia  British  thermal  units,  of  a  pound  of  steam,  and 
are  taken  directly  from  the  Steam  Table.  The  abscissas  are  calculated 
by  using  the  formula  for  the  entropy  of  saturated  steam  in  Entropy 
and  Steam, 

N^n  +  ^  (1) 

In  which  ff  »  entropy  of  liquid,  as  given  in  the  Steam  Table; 

r  =  heat  of  vaporization,  as  given  in  the  Steam  Table; 
T=  absolute    temperature    (/  +  460*')    at    which   steam    is 

vaporized; 
A''  =  entropy  of  1  pound  of  dry  saturated  steam. 
Points  below  the  curve  Af  N  represent  moist  steam,  that  is,  a  mix- 
ture of  steam  and  water.  In  order  to  plot  the  curves  below  AfA^,  the 
pressures  and  qualities  for  the  different  points  must  be  assumed,  and 
the  corresponding  total  heats  and  entropies  of  the  mixtures  calculated. 
To  plot  the  curve  for  a  given  pressure,  it  is  necessary  to  assume  differ- 
ent qualities  of  steam  at  that  pressure  and  calculate  the  total  heats  of 
the  mixtures  by  the  following  formula,  from  Entropy  and  Steam: 

H,=q->rxr  (2) 

in  which    Hx  —  heat  contents,  in  British  thermal  units; 

q  =  heat  of  the  liquid,  in  British  thermal  units; 
X  =  quality  of  mixture; 

r  =  heat  of  vaporization,  in  British  thermal  units. 
The  values  thus  nhtaiiiert  are  taken  as  the  ordinates  of  that  curve. 
The  abscissas  being;  taken  in  entropy  units  are  determined  by  the  fol- 
lowing formula  for  the  entropy  of  a  mixture,  from  Entropy  and  Steam. 
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For  the  curves  above  ;•/ A'  in  the  Niiperhealed  region,  the  ordinates 
are  found  by  calculatia;;  the  total  heat  of  superheated  sleam  by  the 
following  formula  from  Entropy  and  Hieam: 

Q  =  ?  +  r+.^8{/, -/)  (4) 

in  which    Q  =  total  heat  of  1  pound  of  superheated  steam,  la  British 
thermal  units; 
/,  =  temperature  of  superheated  steam,  in  degree!)  Fahren- 

hcit: 
t  =  temperature  iif  vaporization,  in  degrees  Fahrenheit. 
The  abscissas  are  entropy  units  found  from  the  entropy  of  super- 
heated steam  by  the  use  of  the  following  formula  from  Entropy  and 
SUam: 

N.  =  *f +  ^+1.10!>log^  (6) 

In  which  A^  =  entropy  of  superheated  steam; 

TV  "  absolute  temfierature  to  which  steam  is  superheated; 
7"=  absolute  temperature  at  vaporiKation; 
and  the  other  terms  are  as  already  explained. 

The  following  examples  will  show  how  the  formulas  are  used  to 
determine  the  coordinates  of  points  on  the  curves. 

ExA&fpLE  I.— Find:  (a)  the  heat  contents  and  {b)  the  entropy  of 
]  jKiund  of  dr>'  saturated  steam  at  an  absolute  pressure  of  SOO  pounds 
per  squnre  luch. 

SoLCTioN.— (fl|  From  the  Steam  Tabic.  //  -  l.LWt.S  B.  T.  U.    Ans. 
{b)     Apply  formula  1.     From  the  Steam  Table,  «  =  .58«3;  r- 817.4; 
and  7"  =  /  +  4fiO  =  417.42  +  4tJ0  =  877.42.     Then. 

N  =  n-\-~=  .68ti3  +  ^j^  =  1.518,  nearly.    Ans. 

NoTB.— It  wfll  be  appftr«Dt,  on  fsnmtnfnic  the  Heat  Cfcart.  that.  It  the  entire 
leortb  of  ttacfte  coordinatffi  w«n  laid  off  Ironi  tbv  axf«,  the  Chnrt  wimld  be  to  larv* 
•a  to  Ijcccimv  unwieldy  Therefore,  only  that  portion  of  the  Chatt  la  afaqjirQ  that  la 
ncceaaary  to  ihvc  the  location  of  polnl*  that  are  liable  lu  be  uaed. 

ExAUTLB  2.— Find:  [a)  the  heat  contents  and  {h)  the  entropy  of 
1  pound  of  steam  at  an  absolute  pressure  of  SO  pounds  per  square  inch 
and  a  quality  of  .90. 

SoLCTioN.— (a)  From  the  Steam  Table,  ^  =  250.2  B.  T.  U.  and 
r  =  917.4  B.  T.  U.     Hence,  applying  formula  2, 

//,  =  f -(-j-r  «  350.2+  .9X917.4  =  1.075.8d  B.  T.  U.    Ans. 

{b)  From  the  Steam  Table,  w  =  .4109  and  T  -  <  +  4t(0  -  380.85 
+  460  =  740.85.     Hence,  applying  formula  3, 

A'  =  «  +  y  =  .4109  +  ^^^^-  =■  1.525.  nearly.    Ans. 

ExA34Pr.B  3. — Find:  {a)  the  heat  contents  and  {b)  the  entropy  o( 
1  pound  of  steam  at  an  absolute  pressure  of  4  pounds  per  square  inch 
and  a  quality  of  .98. 


i 


i 
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Solution.— (a)  From  the  Steam   Table,  q  =  121.4  B.  T.  U.  and 
r  «  1,01)7  2  B.  T.  U.     Then,  by  formula  2, 
H,=g-\-xr='  121.4+  .98  x  1,007.2  =  1,108  B.  T.  U..  nearly.    Ans. 

(*)     From  the  Steam  Table,  n  =  .2203  and  T  =  /  +  460  =  153.09 

+  4«)  =  613.09.     Hence,  applying  formula  3, 

A7           ■  *''        O.VW  .   .98X1,007.2       ,  „.  ,         » 

N  =  n-\--^  =  .2203  H q\^]^ —  =  ^-^^  nearly.     Ans. 

Example  4. — Find:  (a)  the  heat  contents  and  (A)  the  entropy  of 
1  pound  of  steam  at  an  absolute  pressure  of  300  pounds  per  square 
inch  and  superheated  to  600"  F. 

Solution.— (a)  From  the  Steam  Table,  q  =  391.9;  r  =  817.4;  and 
/  =  417.42.  From  the  statement  of  the  example,  i,  =  600.  Hence, 
from  formula  4, 

Q  =  q  +  r+  .48(/,  -  /)  =  391.9  +  817.4  +  .48(600  -  417.42) 
=  1,297  B.  T.  U.,  nearly.    Ans. 
id)     From  the  Steam   Table,  «  =   .5863.      r  =  /  +  460  =  417.42 
+  460  =  877.42;    7*,  =  600  +  460  =  1,060.     Hence,  from  formula  5, 

N,  =  «  +  y;  + 1.105  logy  =  .5863  +  ^^  +  1.106(3.02531-2.94321} 

B  1.609,  nearly.    Ans. 


APPENDIX  II 

A  Ktaphic  solution  was  given  for  finding  /  for  formula  1  in  Art.  34, 
which  is  „.        f 

in  which  W^,  —  work,  in  foot-pounds,  per  pound  of  steam  used  in  any 
stage  of  a  pressure  turbine; 
jf  =  32.16. 
The  derivation  of  this  formula  is  comparatively  simple,  though  not 
apparent  from  the  construction.  In  Fig.  20.  which  is  here  reprotUiced 
with  some  additions,  r  represents  the  absolute  velocity  of  the  stc-im  ;is 
it  enters  this  wheel;  ;/  is  tlie  velocity  of  the  wheel;  and  a,  the  aiiijte 
between  c  and  u.  Then,  w  represents  the  velocity  of  the  steam  at 
entrance  relative  to  the  wheel,  making  Hie  angle  e  with  the  plane  of 
the  wheel.  If  there  were  no  expansion  of  the  steam  in  the  buckets, 
the  relative  velocity  would  be  the  siinie  <mi  leaving  as  at  the  entrance 
to  the  buckets.  The  exjiansion  is  divided  as  equally  as  possible 
between  the  guide  ntul  the  nmviug  vanes,  but  not  quite  all  the  energj' 
is  given  up  tn  the  iiidviiig  vaiits;  lience,  the  velocity  on  entering  the 
next  set  of  moving  buckets  will  be  slightly  greater  than  in  the  set 
under  considenition.  TIr'  relative  vchiLity  on  leaving  any  set  of  mov- 
ing  vanes   should,    liuwever,   abuut    equal    the   absolute   velocity   of 


entrance,  because  of  the  expansion  of  the  Etenm.  Hence,  the  velocity 
of  the  steam  relative  to  the  ulieel  u-ill  be  w,  =  f  on  leaving,  and, 
by  combinipg  this  with  .v,  tlie  absolute  velocit>*  on  leavinff  is  ^i- 
The  angle  <•,  =  the  nnRle  a.  and  the  angle  a,  =  Ihe  angle  r.  The 
components  of  c  and  Ct  in  the  direction  of  n:otioD  ot  the  wheel 
are  c'  and  c,'.  But,  as  c'  and  r.'  represent  the  change  In  velocity, 
in  feet  per  second,  they  also  represent  the  negative  acceleratloii  ot 
the  Kteam.      Now,   force  is  equal    to   the   product  ut    the  mass  and 

acceleration.     The  mass  of  1  pound  Is  -,  and  the  pressure  exerted  by 


1  pound  of  steam  therefore  equals 


tf'  +  tf.' 


When  a  force  acts  through 


a  distance,  it  does  work,  and  in  the  case  considered  this  distance 
Is  u  feet  per  second.  Hence,  the  formula  for  the  work  done  by 
1  pound  of  steam  in   1  second  ia 

In  Pig.  27.  O  )'is  an  axis  at  right  angles  to  the  plane  of  the  wheel. 
Now,  by  producing  A£  to /-'and  describing  the  semicircle  A  V  J-\  the 


length  of  f  is  obtained  by  drawi  n^BD  perpendicular  to  A  E.  Draw  A  D 
and  D  F\  then  A  D  F  \f,  a  right  triangle,  and  It  may  be  proved  by 
geometry  that  B  divides  AF  Into  two  such  parts  thsil  A  B  >i  S  fi 
■■  B D';  that  is,  B D  is  n  mean  proportional  t)«tween  A B  and  BF, 
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But  AB  -  u,  BF'^  tf'4-**,',  and  BD  =  /.     Hence.  ■»{</  +  <■,')  =  /", 
and,  by  subitituting  in  the  tonnula,  it  becomes 

Hence,  the  gpraphlc  constractlon  in  Pig.  20  gives  a  value  for  /  in 
fonnula  1  of  Art.  84  that  is  nearly  enongh  correct  for  practical 
purposes. 
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Votumeofa.  Ktl.pSI.                         ^^^H 

^H                  I2S.  1^36, 
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Hatchet.  133.  pl5.                                                    ^^M 

Dennminstv,  Divvaan  of.  t2.  i*2Q. 
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Bn<!  velocity  staiicx.  (36,  pl9.                                    ^M 

Oxidation.  )28,  p2&. 
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Force.  {27.  p&4. 
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Inwrv.  (2.  p67. 

turbinca.  |36.  p2. 

of  chanjte  of  energy  to  eatemal  work.  PB 
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Rpduwr.  126.  o28. 

i                                                     INDEX                                          xvii       J 

Reducias  aRcnt.  128.  p2S. 
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